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As a result of their novel physicochemical properties, titanium dioxide (TiO2)
nanoparticles have become the principal component of many common household products. The
escalated use of nanoparticles in consumer goods has increased the likelihood that these
materials are being released into the environment. Currently, research suggests manufactured
nanoparticles pose an ecotoxicological threat to both terrestrial and aquatic organisms. The
purpose of this study was to examine how TiO2 nanoparticles affect mussels and oysters, two
commercially-relevant species of suspension-feeding bivalves.
Initially, experiments were conducted to understand how TiO2 nanoparticles behaved
upon exposure to natural and artificial seawater as well as ultrapure Milli-Q water. The results
demonstrated that TiO2 nanoparticles agglomerated rapidly in all three types of water. The
agglomerates that formed were homogenous clusters of primary particles exhibiting diameters
large enough for capture on the bivalve gill in the absence of marine snow. Separate experiments
showed that TiO2 nanoparticles were insoluble in natural seawater, and could be incorporated
into marine snow at relatively high efficiencies. These findings indicate that TiO2 nanoparticles
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behave in such a manner that makes them more bioavailable to benthic suspension-feeders such
as bivalves.
When TiO2 nanoparticles were fed to mussels and oysters, both species were able to
capture agglomerations of TiO2 nanoparticles and TiO2 nanoparticles incorporated into marine
snow with equal efficiency. Once captured, the animals quickly removed the particles from their
gills and visceral masses. These findings indicate that TiO2 nanoparticles are processed rapidly in
the digestive system of both species, suggesting long-term accumulation does not occur
following an acute exposure.
Finally, bivalve hemocytes were exposed to TiO2 nanoparticles, in vitro, at increasing
concentrations over time. The results showed minor, but significant changes in hemocyte
viability, and significant changes in phagocytosis and the production of reactive oxygen species
(ROS) were observed depending on the concentration and time of exposure. These data suggest
bivalve hemocytes are capable of capturing TiO2 nanoparticles, and the production of ROS may
lead to more deleterious cellular effects.
This research advances current knowledge regarding the effects of emerging
contaminants on organisms living in the near-shore environment, and will assist in the regulation
of pollutants entering coastal waters. Further, these data elucidate whether or not nanoparticles
can be transferred to humans via shellfish consumption, and help to improve seafood safety.
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INTRODUCTION
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Naturally-occurring particulate matter on the nanoscale has existed on earth for eons in the
form of volcanic ash, sea salt, combustion products, and dusts resulting from Aeolian processes
(Moore 2006; Handy et al. 2008; Hochella et al. 2008). For example, carbon nanotubes and
nanocrystals, and silica nanoparticles have been discovered in 10,000 year old cores extracted
from the polar ice cap in Greenland (Esquivel and Murr 2004; Murr et al. 2004), while fullerenes
have been identified in 250 million-year old claystones recovered from the deep ocean off the
coast of Japan (Chijiwa et al. 1999). The first use of nanoparticles by humans, however
unknowingly, can be traced back approximately three millennia to the fabrication of glass during
the Bronze Age in Italy (Angelini et al. 2004; Artioli et al. 2008). Ancient artisans incorporated
suspensions of fine metallic powders to induce brilliant coloration in pottery and glassworks
(Hornyak et al. 2008; Sciau 2012). Examples of artifacts attributed to craftsmen from Celtic
(Brun et al. 1991), Roman (Freestone et al. 2007), and Chinese (Huaizhi and Yuantao 2000)
antiquity have been found to include metal nanoparticles. These ancient techniques were carried
forth into the medieval period where metal colloids were used in the manufacture of stained glass
windows in cathedrals (Perez-Villar et al. 2008; Rubio et al. 2009; Gimeno et al. 2010).
The first scientific attempt to understand the effects of metal colloids on the coloration of
glass was conducted by Michael Faraday and presented during the now famous Bakerian Lecture
in London (Faraday 1857). In the early years of the 20th Century, both George Beilby and
Thomas Turner expounded upon the discoveries of Faraday and the physicochemical properties
of metallic colloids (Beilby 1903; Turner 1908). The birth of nanotechnology as a scientific
endeavor is attributed to Dr. Richard Feynman during a speech he made to the American
Physical Society at the California Institute of Technology on December 29, 1959. In his speech
entitled, “There’s Plenty of Room at the Bottom”, Feynman describes his vision of being able to
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manipulate individual atoms and the novel physiochemical properties that would result on such
an infinitesimal scale (Feynman 1960). Nearly a decade and a half later, Norio Taniguchi would
coin the phrase ‘nanotechnology’ in research addressing the manipulation of single atoms in the
manufacture of semiconductors (Taniguchi 1974). In 1985, C60 fullerenes were discovered using
laser vaporization techniques further expanding the field of nanotechnology (Kroto et al. 1985),
and culminating with the Nobel Prize in Chemistry in 1996.
Today, nanoparticles are highly valued in commercial and industrial manufacturing due to
the unique thermal, electrical, mechanical, and imaging characteristics resulting from their
infinitesimal size (Dreher 2004). Currently, nanoparticles have applications in a diverse range of
consumer products including medication, detergent, cosmetics, paint, sunscreen, and electronics
(Handy et al. 2008). Virtually any chemical compound can be utilized to produce nanoparticles,
however the most common varieties are made from transition metals (e.g. zinc, cadmium, iron,
and copper), noble metals (e.g. gold and silver), nonmetals (e.g. carbon and silicon), and metal
oxides (e.g. TiO2, CeO2, Al2O3, ZnO; Dreher 2004). Generally, nanoparticles are prepared in
either a “top down” or “bottom up” fashion. Top down production refers to the fragmentation of
larger materials using techniques such as milling or etching until only nanoscale material
remains (Christian et al. 2008). Bottom up synthesis pertains to “growing” or assembling specific
atoms into a nanoscale molecule, and has become the prominent production technique in
commercial manufacturing (Christian et al. 2008, Allsopp et al. 2007).
Presently, bottom-up manufacture of nanoparticles is accomplished using chemical
(Schmidt 2001), vapor (Swihart 2003), or gas phase synthesis (Kammler et al. 2001; Vollath
2007; Kim et al. 2009; Wagener et al. 2011). Chemical synthesis is one of the most widely
utilized methods, however the techniques are plagued by low yields, a lack of reproducibility,
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and large volumes of hazardous waste (Pérez et al. 2005). Vapor phase techniques pre-dominate
the production of metal-oxide nanoparticles, but this form of synthesis tends to have a high cost
with a relatively low yield (Pérez et al. 2005). The gas phase techniques are utilized to
manufacture a wide variety of nanoparticles composed of metals, metal oxides, carbon, and
metal alloys (Kammler et al. 2001; Vollath 2007; Kim et al. 2009; Wagener et al. 2011),
however, the disadvantages include high expense, questionable purity, and the generation of
hazardous waste (Pérez et al. 2005).
The precise production rates of nanomaterials are not typically released by manufacturers,
however estimates of production of TiO2, Ag, CeO2, carbon nanotubes, and fullerenes range
from 7,895 to 39,901 tons per year in the United States alone (Hendren et al. 2011). As a matter
of perspective, there is enough material in two grams of 100 nm-diameter particles to provide
every individual on earth with 300,000 particles (Hardman 2006). As populations continue to
rise, especially in coastal and estuarine regions (National Research Council 2007), the prevalence
of novel contaminants such as nanoparticles entering aquatic systems in sewage effluents,
industrial waste, and surface runoff has increased (Kolpin et al. 2002; Farré et al. 2008).
Given the extensive production of engineered nanoparticles, the amount of research
addressing the effects of these materials in aquatic environments is sparse. Previous studies have
found that aquatic organisms may be particularly vulnerable to manufactured nanomaterials
(Table 1). One group of aquatic organisms that may be predisposed to nanoparticle toxicity is the
bivalve molluscs. Recently published data indicate that bivalves may be susceptible to
nanoparticles entering coastal waters (Table 2). Most bivalves are sessile, suspension-feeding
organisms that subsist in a variety of habitats, and have adapted to remove particulate matter
from large volumes of water. For example, mussels and oysters are capable of filtering 1-3 L
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water/hour/g-dry weight and 5-7 L water/hour/g-dry weight, respectively (Riisgård 1988; Newell
et al. 2005; Cranford et al. 2011). As a result, bivalves serve an essential role in the cycling of
nutrients between the overlying water and the sediments (Dame 1993; Dame 1996). In addition,
bivalves are a keystone class of organisms in marine food webs, and provide a source of jobs and
sustenance to people living in coastal regions. Therefore, our understanding of how suspensionfeeding bivalves interact with manufactured nanomaterials is critical to maintaining the water
quality, productivity of coastal ecosystems, and the safety of seafood for human consumption.
These characteristics make bivalves the archetypal sentinel organism, and crucial to our
understanding of how nanoparticles affect marine and estuarine environments (Canesi et al.
2012).
The purpose of this research was to determine the interactions between titanium dioxide
(TiO2) nanoparticles and suspension-feeding bivalves. The experiments were carried out on two
bivalve species: the blue mussel, Mytilus edulis, and the eastern oyster, Crassostrea virginica.
These two bivalve species are some of the most abundant molluscs in the intertidal and estuarine
ecosystems along the eastern seaboard of the United States making them the most likely species
to be consumed by humans and affected by nanoparticle contamination. Initial studies were
performed to understand the behavior of TiO2 nanoparticles in natural seawater. Additionally, the
capture, ingestion, bioaccumulation, and depuration of TiO2 nanoparticles were examined in both
mussels and oysters. The final portion of this project explored the in vitro effects of TiO2
nanoparticles on bivalve hemocytes using a suite of immunotoxicology biomarkers. Many of the
current studies addressing the toxicity of manufactured nanoparticles on aquatic organisms have
lacked certain integral ecological and physiological facets. For example, virtually nothing is
known about how benthic organisms encounter and capture manufactured nanomaterials.
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Further, little data exist regarding the ingestion and depuration rates of manufactured
nanomaterials in the benthic invertebrates. This work elucidates how the behavior of
manufactured nanoparticles in natural seawater can ameliorate encounter and capture in two
commercially-relevant species of suspension-feeding bivalves living in coastal marine
ecosystems. In addition, the data demonstrate the ingestion and depuration rates as well as
examples of the cellular changes that occur when bivalves are exposed to manufactured
nanoparticles. Information garnered in this study provides baseline data on the interactions
between nanoparticles and suspension-feeding bivalves, as well as how the consumption of
shellfish exposed to manufactured nanoparticles may affect human health and disease.
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Table 1: Cytotoxic and genotoxic effects of nanoparticles on various aquatic species.
(Sub)Phylum

Species

Nanoparticle

Effect

Reference

Chordata

Danio rerio

Cu

Gill damage

Griffitt et al.
2007

Ag

Developmental and
physical abnormalities;
bioaccumulation;
Apoptosis

Asharani et al.
2008

Ag, Cu

Increased mortality

Griffitt et al.
2008

C60 Fullerene

Oxidative stress

Usenko et al.
2008

Micropterus
salmoides

C60 Fullerene

Oxidative stress

Oberdörster et
al. 2004

Oncorhyncus mykiss

TiO2

Edema; Thickening of the
gill lamella

Federici et al.
2007

SWCNT

Apoptosis; Neurotoxicity;
Gill damage; Lipidosis;
Aggression

Smith et al.
2007

TiO2

Phototoxicity; Lysosomal
destabilization; DNA
damage

Vevers and
Jha 2008

Polystyrene

Translocation;
Bioaccumulation

Kashiwada
2006

TiO2

Phototoxicity

Ma et al. 2012

Pimephales promelas

C60 Fullerene

Increased mortality,
Oxidative stress

Zhu et al.
2006

Daphnia magna

C60 Fullerene,
TiO2

Increased mortality

Lovern and
Klaper 2006

Oryzias latipes

Crustacea
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Table 1: continued
(Sub)Phylum

Species

Nanoparticle

Effect

Reference

Crustacea

Daphnia magna

TiO2

Reduced mobility

Hund-Rinke
and Simon
2006

C60 Fullerene

Increased mortality;
Reduced molting;
Reduced brood sizes

Oberdörster et
al. 2006

C60 Fullerene

Increased mortality

Zhu et al.
2006

Mixed
Fullerenes,
TiO2

Behavioral and
physiological changes

Lovern et al.
2007

SWCNT

Increased mortality

Roberts et al.
2007

Polystyrene,
NCB, TiO2

Bioaccumulation;
Reduced molting;
Increased mortality

Rosenkranz et
al. 2007

Mixed
Fullerenes

Developmental and
physical abnormalities;
Apoptosis; Increased
mortality

Usenko et al.
2007

C60 Fullerene

Enhanced accumulation
of ambient toxins

Baun et al.
2008

TiO2

Phototoxicity

Ma et al. 2012

Daphnia pulex

Ag, Cu, Ni

Increased mortality

Griffitt et al.
2008

Ceriodaphnia dubia

Ag, Cu, Ni

Increased mortality

Griffitt et al.
2008

Carboxyl QDs

Bioaccumulation

Ingle et al.
2008
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Table 1: continued
(Sub)Phylum

Species

Nanoparticle

Effect

Reference

Crustacea

Amphiascus
tenuiremis

SWCNT

Developmental delays;
Reduced fertilization;
Increased mortality

Templeton et
al. 2006

Corophium volutator

ZnO

Inhibited growth and
brood sizes;
Bioaccumulation

Fabrega et al.
2012

Leptocheirus
plumulosus

CdSe/ZnS QDs

Bioaccumulation;
Increased mortality

Jackson et al.
2012

Annelida

Arenicola marina

TiO2

Behavioral changes;
Cellular and DNA
damage

Galloway et
al. 2010

Cholorphyta

Pseudokirchneriella
subcapitata

Ag, Cu

Increased mortality

Griffitt et al.
2008

Proteobacteria

Escherichia coli

TiO2

Inhibited growth

Adams et al.
2006

TiO2

Inhibited growth

Heinlaan et al.
2008

TiO2

Inhibited growth

Adams et al.
2006

TiO2

Inhibited growth

Heinlaan et al.
2008

TiO2

Inhibited growth

Heinlaan et al.
2008

Firmicutes

Proteobacteria

Bacillus subtilis

Vibrio fischeri
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Table 2: Cytotoxic and genotoxic effects of nanoparticles on various bivalve species.
Species

Nanoparticle

Concentration

Exposure

Effect

Reference

Ag, TiO2

1 – 400 µg/L

15 - 120
mins

Reduced phagocytosis

Abbott
Chalew et al.
2012

Ag

0.02 – 20 µg/L

48 hrs

Decreased LMS, ROS
production, reduction in total
proteins

McCarthy et
al. 2013

C60 Fullerene

1 – 500 µg/L

4 days

Decreased LMS, accumulation
in lysosomes, impaired
development

Ringwood et
al. 2009

Ag

1.6 ng/L – 16
µg/L

48 hours

Impaired development,
Decreased LMS, increased
metallothionein gene
expression

Ringwood et
al. 2010

Fe

1 mg/L

1 – 12 hrs

Bioaccumulation, lipid
peroxidation, decreased LMS

Kádár et al.
2010a

SiO2

Not Reported

12 hrs – 16
days

Decreased LMS, oxidative
stress, increased phagocytosis,
apoptosis

Koehler et al.
2008

Au

750 µg/L

24 hrs

Oxidative stress

Tedesco et al.
2008

Au

750 µg/L

24 hrs

Bioaccumulation, decreased
LMS, oxidative stress

Tedesco et al.
2010

Polystyrene

0.1 – 0.3 g/L

8 hrs

Increased pseudofeces,
reduced filtration

Wegner et al.
2012

Ag

0.7 µg/L

3.5 hrs

Bioaccumulation, presence in
extrapallial fluid

Zuykov et al.
2011a

Oyster
Crassostrea
virginica

Mussel
Mytilus edulis
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Table 2: continued
Species

Nanoparticle

Concentration

Exposure

Effect

Reference

Mytilus edulis

Ag

0.7 µg/L

3.5 hrs

Alterations of shell nacre

Zuykov et al.
2011b

Mytilus
galloprovincialis

C60 Fullerene

100 µg/L – 1
mg/L

3 days

DNA damage, histological
abnormalities,
bioaccumulation, decreased
clearance rates

Al-Subiai et
al. 2012

TiO2

1 – 100 µg/L

96 hrs

Oxidative stress, reduced
transcription of immunefunction genes, decreased
LMS, reduced phagocytosis,
pre-apoptotic effects

Barmo et al.
2013

NCB

1 – 10 mg/L

60 min

Increased ROS production,
decreased mitochondria,
activation of MAPK stress
genes

Canesi et al.
2008

C60 Fullerene,
TiO2, SiO2

1 – 10 mg/L

30 min – 4
hrs

Increased oxidative stress,
activation of MAPK stress
genes

Canesi et al.
2010a

NCB, C60
Fullerene,
TiO2, SiO2

50 µg/L – 5
mg/L

24 hrs

Decreased LMS, oxidative
stress

Canesi et al.
2010b

TiO2

10 mg/L; 100
µg/L

30 – 60
min; 96
hrs

Decreased LMS, reduced
phagocytosis, genotoxicity,
bioaccumulation

Canesi et al.
2013

TiO2, SiO2,
ZnO, CeO2

1 – 10 mg/L

30 min – 4
hrs

Decreased LMS, hormetic
effects on phagocytosis,
increased ROS production,
decreased mitochondria

Ciacci et al.
2012

Mussel
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Table 2: continued
Species

Nanoparticle

Concentration

Exposure

Effect

Reference

CuO

10 µg/L

15 days

Bioaccumulation, oxidative
stress, neurotoxicity

Gomes et al.
2011

CuO, Ag

10 µg/L

15 days

DNA damage

Gomes et al.
2013a

Ag

10 µg/L

15 days

Bioaccumulation, changes in
protein expression

Gomes et al.
2013b

ZnO

0.1 – 2 mg/L

84 days

Bioaccumulation, reduced
growth, mortality

Hanna et al.
2013

CdSe Quantum
Dots, Fe

92 ng/L – 2
mg/L

18 & 24
hrs

Bioaccumulation

Hull et al.
2013

TiO2

0.5 – 64 mg/L

48 hrs

Larval malformations

Libralato et al.
2013

CeO2, ZnO

1 – 10 mg/L

4 days

Bioaccumulation

Montes et al.
2012

C60 Fullerene

1 & 10 mg/L

60 min

Decreased LMS

Moore et al.
2009

SWCNH

1 – 10 mg/L

24 & 48
hrs

Reduced ROS production,
decreased LMS

Moschino et
al. 2014

TiO2

2.5 & 10 mg/L

24 – 216
hrs

Decreased hemocyte viability,
decreased phagocytosis,
reduced ROS production

Wang et al.
2014

Co

833 µg/L

14 days

Bioaccumulation, activation of
metallothionein genes

Falfushynska
et al. 2012

Mussel
Mytilus
galloprovincialis

Perna viridis

Mussel
(Freshwater)
Anodonta cygnea
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Table 2: continued
Species

Nanoparticle

Concentration

Exposure

Effect

Reference

Dreissena
polymorpha

TiO2

0.1 – 25 mg/L

24 hrs

Reduced phagocytosis,
activation of MAPK stress
genes

Couleau et al.
2012

Elliptio
complanata

CdTe Quantum
Dots

1.6 – 8 mg/L

24 hrs

Oxidative stress, reduced
hemocyte viability, decreased
phagocytosis, DNA damage

Gagné et al.
2008

ZnO

2 µg/L

21 days

Bioaccumulation, oxidative
stress, changes in essential
metal ions

Gagné et al.
2013a

Ag

0.8 – 20 µg/L

48 hrs

Bioaccumulation, oxidative
stress, increase phagocytosis,
cytotoxicity

Gagné et al.
2013b

24 hrs

Bioaccumulation, reduced
metallothionein production

Peyrot et al.
2009

Mussel
(Freshwater)

CdTe Quantum
Dots

1.6 – 8 mg/L

Clam
Macoma balthica

Ag, CuO

200 µg /g

35 days

Bioaccumulation

Dai et al. 2013

Mercenaria
mercenaria

Au

5.6 µg /Kg

11 days

Bioaccumulation

Burns et al.
2013

Ruditapes
philippinarum

Au

6 & 30 µg/L

28 days

Bioaccumulation, oxidative
stress, accumulation in
lysosomes

GarćiaNegrete et al.
2013

Scrobicularia
plana

CuO

10 µg/L

16 days

Oxidative stress, changes in
burrowing, decreased feeding

Buffet et al.
2011
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Table 2: continued
Species

Nanoparticle

Concentration

Exposure

Effect

Reference

CuO

10 µg/L

21 days

Bioaccumulation, increased
ROS, apoptosis, DNA
damage, decreased feeding,
changes in burrowing

Buffet et al.
2013

Au

100 µg/L

16 days

Bioaccumulation, oxidative
stress, changes in burrowing

Pan et al. 2012

Au

2 – 8 mg/L

12 – 180
hrs

Bioaccumulation

Hull et al.
2011

Ag

110 & 151
ng/L

12 hrs

Bioaccumulation followed by
depuration

Al-Sid-Cheikh
et al. 2013

Clam
Scrobicularia
plana

Clam
(Freshwater)
Corbicula
fluminea
Scallop
Chlamys
islandica
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CHAPTER 1:
BEHAVIOR OF TITANIUM DIOXIDE NANOPARTICLES IN THREE AQUEOUS
MATRICES: AGGLOMERATION AND IMPLICATIONS FOR BENTHIC
DEPOSITION
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Abstract

Predicting the fate of nanoparticles in aquatic environments requires knowledge of how these
materials interact with the organic and inorganic constituents in aqueous media. This work
explored the behavior of three types of titanium dioxide nanoparticles (rutile and anatase) in
natural seawater, artificial seawater, and Milli-Q water, and determined the percent incorporation
of the nanoparticles in marine snow, an important hetero-aggregation in the ocean. Dynamic
light scattering, zeta potential, field-emission scanning electron microscopy, and inductively
coupled plasma mass spectrometry were used to examine the particles over three time intervals
(<0.2 hour, 1 hour, and 72 hours). Analyses determined that anatase, UV-Titan M212, and
Aeroxide P25 nanoparticles had a higher agglomeration potential in natural and artificial
seawater than in Milli-Q water. The weighted average diameter (weighted size) of the anatase
and P25 agglomerations remained relatively unchanged over time in all three water types. The
Titan nanoparticles, however, demonstrated a significant decrease in weighted size at 72 hours in
natural and artificial seawater, but not in Milli-Q water. This decrease in size was associated with
the concentration of resident bacteria. In laboratory experiments, all three titanium dioxide
nanoparticles were readily incorporated into marine snow, with incorporation efficiencies
increasing over 72 to 120 hours, reaching a maximum mean value of 95% after 168 hours. This
study emphasizes the importance of using environmentally relevant media to better understand
the behavior and fate of nanoparticles, including deposition to the sediments and capture by
benthic organisms, in marine environments.
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1. Introduction

The unique characteristics of nanoparticles (NPs), such as their infinitesimal size (< 100
nm), structural composition, and high relative surface area affect distinctive physicochemical
properties when introduced to natural media such as soil or water (Lead and Smith 2009). For
example, NPs have been found to agglomerate when immersed in aqueous environments due to
the presence of ions and organic matter (Labille et al. 2010; Sillanpää et al. 2011), and the extent
of particle agglomeration influences settling rates, as well as the exposure time of pelagic and
benthic organisms to material in the surrounding water (Velzeboer et al. 2008; Sharma 2009;
Ward and Kach 2009). In addition, agglomeration affects the size of particles encountered by
aquatic organisms, which can mediate the amount of material these organisms capture in the
ambient environment (Velzeboer et al. 2008; Sharma 2009; Ward and Kach 2009).
Consequently, agglomeration processes alone could affect the size of manufactured
nanomaterials in aquatic systems, making it critical to understand how such materials behave
following exposure to different environmental media.
The field of colloidal chemistry provides some insight into how manufactured NPs
behave when exposed to aqueous matrices. Since nanoscale material is defined as matter with at
least one dimension between 1-100 nm (Christian et al. 2008; Lead and Smith 2009), NPs
dispersed in aqueous media are considered a colloidal system (Slomkowski et al. 2011).
Immersion of particles into an aqueous environment often results in an increase in hydrodynamic
diameter (Jiang et al. 2009), with the stability of the suspension (either agglomerated or
dispersed) primarily dependent upon the charge at the surface of the particles. Surface charge is
affected by changes in pH, ionic strength, ion speciation, and the concentration of dissolved
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organic matter (DOM) in the aqueous media (Keller et al. 2010; Sillanpää et al. 2011).
Modifications to the pH of a solution can shift the surface charge of dispersed NPs closer to, or
farther away from, the isoelectric point, thereby mediating particle agglomeration (Jiang et al.
2009). Moreover, increasing the ionic strength of a solution can constrict the double layer
enveloping each particle resulting in enhanced agglomeration due to van der Waals forces (Gibbs
1983; Lead and Smith 2009). Ion speciation also influences the rate of particle agglomeration as
divalent cations have a larger ionic radius than monovalent cations. Consequently, divalent
cations in solutions such as seawater cause a greater compression of the double layer surrounding
the NP than do monovalent cations, resulting in enhanced agglomeration (Abramson et al. 1942;
Lead and Smith 2009). The presence of dissolved organic matter (DOM) in natural waters is
believed to produce a negatively charged surface coating on material submerged for an extended
period of time (Handy et al. 2008). When concentrations of DOM are high, the abundance of
negative charges will produce repulsive forces in accordance with Coulomb’s Law, resulting in
increased particle dispersion (Velzeboer et al. 2008; Labille et al. 2010). In natural seawater,
however, cations bond to the negatively charged surface coating of the DOM, leading to a
neutralization of charge and rapid agglomeration (Handy et al. 2008; Lead and Smith 2009).
Consequently, the characteristics of the aqueous environment in which the NPs are dispersed are
crucial in determining the extent of particle agglomeration.
Coastal marine and estuarine environs typically contain high nutrient concentrations
resulting in increased bacteria and phytoplankton biomass. These planktonic organisms, along
with some members of the benthos, can generate copious amounts of transparent exopolymeric
particles (TEP), which are composed mainly of mucopolysaccharides and act as a biological
“glue” binding together freely-suspended matter in the water column (Alldredge et al. 1993;
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Passow 2002; Simon et al. 2002; McKee et al. 2005; Heinonen et al. 2007; Li et al. 2008). Over
time, coastal waters containing TEP are mixed by wind-driven currents, tides, and changes in
seawater density. On a macro-scale, horizontal and vertical mixing creates shear between
different water masses causing inorganic and organic matter suspended in the water column to
collide with, and stick to, the TEP (Simon et al. 2002). Eventually, the suspended material will
form aggregations known as marine snow. Depending on the time of year, greater than 70% of
natural particles of disparate size and quality are incorporated into marine snow (Alldrege et al.
1993), which serves as an important food source for numerous aquatic species (Alber and Valiela
1995; Dilling et al. 1998; Newell et al. 2005). Aggregations of marine snow are of critical
importance as they increase the diameter of the constituent particles resulting in enhanced
settling rates (Stokes Law; Hill 1998; Waite et al. 2000). Therefore, NPs reaching coastal waters
could potentially be incorporated into marine snow and deposited in the benthic sediments.
The purpose of this study was to understand the behavior of titanium dioxide (TiO2) NPs
in natural seawater (NSW), artificial seawater (ASW), and Milli-Q (MQ) water, and to measure
the percent incorporation of TiO2 NPs in marine snow. The pH, salinity, dissolved organic
carbon (DOC), and the concentration of total suspended solids of each of the three water types
was measured to better understand the influence of these parameters on NP agglomeration. TiO2
NPs were chosen for their prevalence in a variety of commonplace goods such as paints, inks,
cosmetics, sunscreens, and electronics (O’Neil and Budavari 2001; Adams et al. 2006; Schmid
and Riediker 2008), as well as their potential to pose a toxicological risk in the environment
(Oberdörster et al. 2006; Templeton et al. 2006; Zhu et al. 2006; Lovern et al. 2007; Gagné et al.
2008; Griffitt et al. 2008). This study is one of the first to describe ecologically relevant
interactions of TiO2 NPs with natural particulate matter to better understand how NPs will be
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encountered by aquatic organisms. Knowledge of how NPs react in environmentally relevant
media will provide important information on the fate of manufactured nanomaterials entering
coastal and estuarine systems.

2. Materials and Methods

2.1 Aqueous Media Characterization
Natural seawater was collected in acid-washed, 20-L glass carboys from the rocky
intertidal zone at Avery Point in Groton, Connecticut, and passed through a 210-µm sieve. To
ensure consistent biological and physicochemical data, the natural seawater used in each
experiment was collected on the same day, and stored at -20º C. Artificial seawater was prepared
by dissolving 9.4 g of magnesium sulfate, 0.2 g of sodium bicarbonate, and 29.3 g of sodium
chloride in MQ-water (Lachat Instruments). MQ-water was obtained from a MilliPore Synthesis
A10 system. All glassware, with the exception of the 20-L glass carboys, was acid washed and
heated in a muffle furnace at 450º C for 24 hours prior to use.
To characterize the chemical parameters of the three water types, the pH, salinity, total
alkalinity, dissolved organic carbon (DOC), and concentration of total suspended solids were
measured. The pH was measured with a bench-top pH meter (Accumet AB15 Plus; Accumet
Probe Model 13-620-223A), and the salinity (reported in practical salinity units; PSU) was
determined using a YSI salinometer (Model 30). Alkalinity of the three aqueous media samples
was calculated using a classic acid-base titration method (Gran 1950; Gran 1952). Samples of
natural seawater, artificial seawater, and MQ-water were then vacuum-filtered through ashed,
pre-weighed GF/F filters into 20-mL scintillation vials. The filtrate was collected to measure
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DOC with a total organic carbon analyzer (Shimadzu TOC-V CPN; Parker 2005). The GF/F
filters were dried to a constant mass in an oven at 70º C, and used to determine the concentration
of total suspended solids in the three aqueous media samples.

2.2 Nanoparticle Characterization
TiO2 NPs were obtained from Meliorum Technologies (99.9% pure anatase; hereafter
referred to as anatase). UV-Titan M212, a surface-coated TiO2 NP, was obtained from
Sachtleben Pigments Oy (93% rutile TiO2, 6% Al2O3, and 1% glycerin; hereafter referred to as
Titan). Aeroxide P25, a TiO2 NP commonly used in environmental studies, was obtained through
the National Institute of Standards and Technology (NIST standard reference material 1898; 76%
anatase TiO2, 24% rutile TiO2; hereafter referred to as P25).
X-ray diffraction (XRD) was performed to determine the crystalline structure of the three
types of TiO2 NPs. Each sample was scanned twice for 424.3 seconds per sweep using a twotheta analysis ranging from 10° to 89.99°. Scanning occurred in 0.02° increments at 0.1 steps for
a total of 3,955 steps per sweep.
Prior to experimentation, a Beckman Coulter N5 PCS was used to calculate the
hydrodynamic diameter of the anatase and Titan primary particles using dynamic light scattering
(DLS). A surfactant solution was prepared by adding 34.8 mg/L of sodium dodecylbenzene
sulfonate (SDS) to 30 mL of deionized (DI) water, and stirred at 3000 rpm for 10 minutes (Bihari
et al. 2008; Horst et al. 2012; Taurozzi et al. 2013). After 10 minutes, a 100 mg quantity of TiO2
NPs was placed in an ultrasonic bath (Bransonic) at 100W for 30 minutes. Two to three drops of
the TiO2 NP suspension were then added to a cuvette containing DI water, and allowed to
stabilize for 30 minutes in the instrument in order to ensure only Brownian motion was
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measured. The instrument settings were as follows: a Rayleigh light scatter angle of 90°, a
diluent viscosity of 0.009548 g/cm x s, a particle refractive index for TiO2 of 2.488, and a sample
run time of 200 s. Control runs consisting of SDS in DI water were performed, and produced no
scattered light intensity above the background noise (Rensselaer Polytechnic Institute and
Meliorum Technologies). In addition, a multipoint BET surface area of the anatase and Titan
NPs was determined on a Micromeritics TriStar 3000 static pressure surface area analyzer. A
sample of the TiO2 nanopowder was first heat conditioned for 1.5 hours at 105º C under vacuum.
The sample was then analyzed according to the standard operating procedures for the instrument
using nitrogen as the adsorbate (Particle Technology Labs, Inc.). The hydrodynamic diameter
and BET surface area of the P25 NPs were obtained at NIST following the standard analytical
protocol (see standard reference material 1898).

2.3 Sample Preparation
An initial stock suspension for each type of NP was created by adding the TiO2 NPs to
MQ-water at a concentration of 250 mg/L. The stock suspension was placed on a stir plate and
subjected to ultrasonication (Fisher Scientific FB-505) at 20% (13.8 W; calibration performed
according to Taurozzi et al. 2012) for 30 minutes (modified from Wang et al. 2009). Following
ultrasonication, the TiO2 NPs were removed from the stock suspension and added to scintillation
vials containing 10 mL of natural seawater, artificial seawater, or MQ-water to obtain a final
concentration of 1.0 mg/L. The salinity of the natural and artificial seawater was diluted from
approximately 28.0 PSU to 17.0 PSU as high salinities caused interference on the Zetasizer
leading to inconsistent results. Three replicates of each water type were prepared and the TiO2
NPs were allowed to incubate at room temperature in the respective aqueous media for time
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intervals of <0.2, 1, and 72 hours. After incubation, the NPs were immediately prepared for
analysis.

2.4 Analysis of Nanoparticles in Three Aqueous Media Samples
A Zetasizer Nano ZS (Malvern) was used to determine the zeta potential and
hydrodynamic diameter of the TiO2 NPs and agglomerates suspended in each of the three
aqueous media samples. Zeta potential was calculated for each sample after a total of 19 runs
using monomodal settings, automatic attenuation and voltage selection, a temperature of 20° C,
and the Smoluchowski equation (see Kang and Redner 1984). Hydrodynamic diameter was
calculated by means of DLS for each sample using instrument settings of 20 runs, a 10 second
duration, automatic attenuation selection, a backscatter of 173°, and a temperature of 20° C.
When necessary, a new disposable capillary cell was used for each replicate determination as the
high ionic conditions of natural and artificial seawater caused corrosion of the cell's electrodes.
Following DLS analysis, a weighted average diameter was calculated to normalize multimodal
distributions of particle size caused by agglomeration. The weighted average diameter was
calculated by multiplying the percent volume data for each bin by the size of that bin to give a
percent-volume-size (nanometers). Data for all bins were then summed and divided by the total
percent volume (100), resulting in a weighted average diameter (hereafter designated weighted
size).
The number of bacteria present in the suspensions of Titan NPs after 72-hours was also
determined. First, triplicate 100-µL aliquots were removed from each of the three aqueous media
samples (natural seawater, artificial seawater, and MQ-water), and plated separately under sterile
conditions on nutrient agar (Difco Agar 2216). This agar supports the growth of both marine and
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freshwater bacteria (Soto and Bianchi 1990; Tarhriz et al. 2011). Plates were incubated for 48
hours at 20º C and examined using a Quebec Colony Counter. The number of colony forming
units (CFUs) were then counted and recorded.

2.5 Incorporation of Nanoparticles into Marine Snow
Marine snow was produced in the laboratory according to Shanks and Edmondson (1989)
in order to calculate the percent incorporation of TiO2 NPs suspended in natural seawater.
Natural seawater was collected from the rocky intertidal zone at Avery Point in Groton,
Connecticut and transferred to three acid-washed 20-L glass carboys labeled A, B, and C. To
ensure consistent biological and physicochemical data, the natural seawater used in each of the
three incorporation experiments was collected on the same day, passed through a 210-um sieve,
and stored at -20º C. The pH, salinity, dissolved organic carbon (DOC), and the concentration of
total suspended solids was measured as previously described (see Section 2.1). Due to the
complexity of these studies, the incorporation experiments for each of the three types of NPs
could not be conducted simultaneously. Therefore, experiments for each NP type were
performed on different days with seawater from one of the carboys which was thawed,
characterized, and used only once. Stock suspensions for each of the three TiO2 NPs were
created by adding TiO2 powder to MQ-water to achieve a concentration of 250 mg/L. Each stock
suspension was placed on a stir plate and subjected to ultrasonication (Fisher Scientific FB-505)
at 30% (~16.0 W) for 30 minutes. The requisite volume from each of the three stock suspensions
was then added to the filtered-seawater to obtain three individual working suspensions at a
concentration of 1.0 mg/L. The working suspensions were ultrasonicated a second time at 30%
for 30 minutes to disrupt any agglomerations that may have formed following immersion in
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natural seawater. Each working suspension was homogenized using magnetic stir plates, and
poured into 250-mL Nalgene rolling bottles in quarter-liter aliquots. After dispensing each
aliquot, the suspension was stirred again to ensure thorough mixing. This process was repeated
until the rolling bottles were full.
Prior to rolling, each bottle was vigorously shaken by hand, and an initial 15-mL water
sample was removed and stored at -20° C. For each type of particle, twenty bottles were
designated as rolled samples and were placed on a roller table at 15 rpm. In addition, six
replicate bottles served as blanks and contained sieved-seawater without TiO2 NPs. At each of
five pre-determined time intervals, 0, 24, 72, 120, and 168 hours (0-hour indicates the bottle was
not rolled and was processed immediately as described below), four of the bottles were removed
from the roller table to calculate the percent incorporation. Two blanks were removed after the 0,
72, and 168 hour intervals. Upon removal from the roller table, the bottles were allowed to settle
at a 45° angle for 45 minutes, which enabled the collection of marine snow aggregations greater
than 90 µm in size (Hill 1998). Following settling, the marine snow was collected from the
bottles and placed in 15-mL Falcon tubes. Each bottle was then vigorously shaken by hand, and a
final 15-mL water sample was removed and stored at -20° C.
The marine snow samples were centrifuged for two minutes at 1,500 x g (2,730 rpm), and
the seawater was removed with a glass Pasteur pipette. Samples were stored at -20° C overnight,
and then lyophilized for 24 hours to remove any remaining moisture. Initial and final water
samples were acidified to 1% using 18 M optima grade sulfuric acid and 16 M optima grade
nitric acid in a 3:7 v/v ratio and allowed to incubate for 24 hours. The marine snow was digested
for 24 hours in 2 mL of the same sulfuric-nitric acid preparation and diluted to 1% in MQ-water.
The concentrations of TiO2 were determined using inductively coupled plasma mass
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spectrometry (ICP-MS; Perkin Elmer ELAN DRC II), and the percent incorporation of TiO2
nanoparticles was calculated as follows:

% Incorporation = [Concentration in Marine Snow (mg/L) / Total Concentration (mg/L)] x 100

A JSM-6335F field emission scanning electron microscope with energy dispersive X-ray
spectroscopy (FESEM-EDX; JEOL USA; Brandon and Kaplan 2008) was used to examine the
incorporation of TiO2 NPs in marine snow. Samples of marine snow were collected on 20-nm
Anodisc filters using vacuum filtration, and dried overnight in a vacuum desiccator. The filters
were then mounted on 25-mm stubs with conducting tape, and sputter coated with a thin layer of
gold (<10 nm) as is standard for imaging such non-conducting specimens. Importantly, this gold
layer does not obscure the SEM imaging of the NPs or marine snow, and is far too thin to
interfere with SEM based x-ray mapping implemented to confirm the local composition of NPs
in marine snow.

2.6 Statistics
One-way analyses of variance (ANOVA) and a one-sample t-test were used to compare
the physicochemical parameters of the three aqueous media samples. Two-way ANOVAs were
used to compare the effects of treatment and time on the zeta potential, as well as the weighted
size of both types of TiO2 NPs. If significant interaction effects were detected between the two
independent variables (treatment, time), then the model was decoupled and one-way ANOVAs
were run to examine the effects of each variable separately. Finally, one-way ANOVAs were
used to compare the percent incorporation of the three TiO2 NPs in marine snow at each of the
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five time intervals. Following ANOVA analyses, a Tukey's HSD post-hoc test was applied to
examine differences between levels of the independent variables. Normality and homogeneity of
variance were tested prior to all statistical tests. Data sets that did not meet the underlying
assumptions were transformed by means of a natural-log transformation. In all tests, an alpha
level of 0.05 was used.

3. Results

3.1 Behavior of Nanoparticles in Three Aqueous Media Samples
3.1.1 Characterization of the Aqueous Media
The physicochemical characteristics of each of the three types of water used in this
experiment can be found in Table 1. A significant difference existed between the pH of MQwater and natural and artificial seawater (one-way ANOVA, p < 0.05). All three aqueous media
samples demonstrated significantly different salinities (one-way ANOVA, p < 0.05). A
significant difference was observed between the total alkalinity of MQ-water and natural and
artificial seawater (one-way ANOVA, p < 0.05). The concentration of DOC in natural seawater
was significantly higher than that of artificial seawater and MQ-water (one-way ANOVA, p <
0.05). The concentration of total suspended-solids in natural seawater was significantly different
than zero (one-sample t-test, p < 0.05).

3.1.2 Size and Crystalline Structure of the Primary Particles
DLS analysis of the primary particles indicated that the anatase NPs had a mean particle
size of 7.4 nm (± 2.53 nm), an average BET surface area of 121.2 m2/g (± 0.57 m2/g), and a peak

42

particle size of 11.0 nm. Titan NPs demonstrated a mean particle size of 86.0 nm (± 32.0 nm), an
average BET surface area of 62.5 m2/g (± 1.20 m2/g), and a peak particle size of 84.5 nm. The
P25 NPs had a mean particle size of 28.0 nm (± 4.0 nm), an average BET surface area of 55.6
m2/g (± 0.70 m2/g), and a peak particle size of 112.0 nm (Table 2).
XRD analysis confirmed the differences between the three types of TiO2 NPs. Anatase
NPs contained TiO2 in the anatase crystalline phase as well as zirconium. The Titan NPs were
composed of TiO2 in the rutile crystalline phase, and the P25 NPs contained both the anatase and
rutile crystalline phases (Fig. 1).

3.1.3 Zeta Potential of the Nanoparticles
The zeta potentials of the three types of TiO2 NPs indicated there were significant
treatment effects, but no significant time or interaction effects between the two independent
variables (two-way ANOVA; Fig. 2A-2C). For all types of NPs, pairwise comparisons found that
the zeta potential of NPs immersed in MQ-water was significantly different than that of NPs
immersed in natural or artificial seawater (Tukey's, p < 0.05). Additionally, Titan NPs showed
slight, but significant, effects of time within the artificial seawater treatment at 1 and 72 hours
(Fig. 2B; Tukey’s, p < 0.05).

3.1.4 DLS Analysis of the Nanoparticles
Analyses of the weighted size of the anatase NPs indicated no significant effects of time
or treatment, but a significant interaction effect between these two independent variables (twoway ANOVA; Fig 3A). Consequently, the model was separated into one-way ANOVAs, which
showed no significant effects of treatment within each time (p > 0.05), but significant effects of
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time within the artificial seawater treatment (p < 0.05). Specifically, weighted size was
significantly greater at 1 hour compared to that at <0.2 and 72 hours (Tukey’s, p < 0.05).
Analyses of the weighted size of Titan NPs indicated significant time and treatment effects, and a
significant interaction effect between the two independent variables (two-way ANOVA; Fig.
3B). Separation of the model into one-way ANOVAs indicated significant differences between
treatments within a given time (p < 0.05), and differences between time within a given treatment
(p < 0.05). In particular, weighted size showed a significant decrease at 72 hours in both the
natural and artificial seawater, but did not show a decrease in MQ-water (Tukey’s, p < 0.05).
Analyses of the weighted size of the P25 NPs indicated no significant time or treatment effects,
and no interaction effect between the two independent variables (two-way ANOVA; Fig 3C).

3.1.5 Counts of Bacterial Colonies in Three Aqueous Media Samples
Titan NPs immersed in natural seawater for 72 hours demonstrated the highest
concentration of bacteria with greater than 500 CFUs/mL. NPs incubated in artificial seawater
had a mean concentration of 17.5 CFU/mL, and no bacterial colonies grew from samples of
Titan NPs immersed in MQ-water.

3.2 Incorporation of Nanoparticles into Marine Snow
3.2.1 Characterization of Natural Seawater in the Incorporation Experiments
The physicochemical characteristics of the natural seawater used in all incorporation
experiments were similar (Table 3). The only significant difference was a slightly lower DOC
concentration in replicate batch C compared to batches A and B (one-way ANOVA, p < 0.05).
Seawater of replicate C was used in the incorporation experiment with the P25 NPs. No other
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significant differences in the physicochemical characteristics were found between replicate
seawater batches (one-way ANOVA, p > 0.05).

3.2.2 Percent Incorporation and FESEM Analysis
For each of the three types of TiO2 NPs, the amount incorporated into marine snow
generally increased over a 72 hour period and then plateaued. Of the three types of TiO2 NPs
tested, Titan was incorporated into marine snow at a faster rate with a mean incorporation
percentage that was significantly higher than both anatase and P25 after 24 hours. After 168
hours, mean incorporation of the anatase, Titan, and P25 NPs was 93% ± 5.3%, 92% ± 6.7%, and
100% ± 0%, respectively (Fig. 4).
Imaging and analysis of marine snow with FESEM-EDX revealed the presence of
numerous agglomerations of TiO2 NPs throughout the organic matrix (Fig. 5, showing an
example of incorporated anatase NPs). A negligible quantity of titanium was detected in
seawater not exposed to NPs. Typically, the spatial resolution for EDX is on the order of 0.5 to 1
µm3 so individual particles cannot always be distinctly identified. As observed in Figure 5,
however, agglomerations are clearly visible, dispersed throughout the marine-snow matrix.
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Table 1: Chemical parameters of the three types of water used in the behavior experiments.
Natural seawater was collected in the rocky intertidal at Avery Point in Groton, CT.
Parameter

Natural Seawater

Artificial Seawater

MQ-Water

pH

7.9 ± 0.25a

7.9 ± 0.59a

5.0 ± 1.46b

Salinity (ppt)

17.4 ± 0.32a

13.4 ± 0.79b

0.1 ± 0.12c

Total Alkalinity (mM)

1.3 ± 0.06a

1.1 ± 0.20a

0b

Dissolved Organic Carbon (mg/L)

2.5 ± 0.86a

0.6 ± 0.07b

0.7 ± 0.13b

Total Suspended Solids (mg/L)

5.9 ± 0.82a

0b

0b

Within a parameter, values with different letters are significantly different at p < 0.05. Data are
means ± standard deviations (n = 3)
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Table 2: Characterization data of the three types of TiO2 NPs.
Particle Type

Mean Particle Size
(nm); ± SD

BET Surface Area
(m2/g); ± SD

Peak Particle Size
(nm)

Anatase

7.4 ± 2.53

121.2 ± 0.57

11.0

Titan

86.0 ± 32.0

62.5 ± 1.20

84.5

P25*

28.0 ± 4.0†

55.6 ± 0.70

112.0

*

data from NIST (see http://www-s.nist.gov/srmors/view_cert.cfm?srm=1898)

†

mean particle size of anatase and rutile crystalline phases
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Table 3: Chemical parameters of the three replicate batches of natural seawater used in the
production of marine snow in the incorporation experiments. Natural seawater was collected in
the rocky intertidal at Avery Point, Groton, CT (USA).
Natural Seawater Samples
Parameter

A

B

C

pH

8.3 ± 0.18a

8.3 ± 0.03a

8.4 ± 0.05a

Salinity (ppt)

28.4 ± 0.12a

28.5 ± 0.00a

28.6 ± 0.12a

Dissolved Organic Carbon (mg/L)

2.5 ± 0.18a

2.4 ± 0.07a

2.0 ± 0.14b

Total Suspended Solids (mg/L)

8.8 ± 1.64a

8.9 ± 0.10a

9.3 ± 1.80a

Within a parameter, values with different letters are significantly different at p < 0.05. Data are
means ± standard deviations (n = 3)
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Figure 1: XRD analysis of (A) anatase NPs, (B) Titan NPs, and (C) P25 NPs. An “A” indicates
the detection of the anatase crystalline phase of TiO2, while an “R” denotes the presence of the
rutile crystalline phase. Bars below the letters indicate that the entire group of peaks belongs to
that crystalline phase.
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Figure 2: Zeta potential of (A) anatase NPs, (B) Titan NPs, and (C) P25 NPs in three different
aqueous media (treatments) over time. Bars designated by different capital letters are
significantly different (treatment effects), whereas lower case letters specify significant
differences between time within a given treatment (p < 0.05). Data are means ± standard
deviation (n = 3).

50

Figure 3: Weighted size of (A) anatase NPs, (B) Titan NPs, and (C) P25 NPs in three different
aqueous media (treatments) over time as determined by means of DLS. Capital letters indicate
significant differences between treatments within a given time, whereas lower case letters
specify significant differences between time within a given treatment (p < 0.05). Data are means
± standard deviation (n = 3).
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Figure 4: Percent incorporation of the three types of TiO2 NPs in marine snow. Letters indicate
significant differences between particles within a specific time (p < 0.05). Data are means ±
standard deviation (n = 3).
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Figure 5: FESEM image of (A) Anatase NPs incorporated into marine snow, (B) X-ray map of
image A identifying the locations of where Ti was detected from the TiO2 NPs (represented in
yellow). The total magnification was 1,600X, the voltage was set at 15.0 kV, and the working
distance was 8.9 mm.
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4. Discussion

Results of this study indicate that the three types of TiO2 NPs agglomerate in aqueous
media, but the agglomeration potential is higher in solutions with a high ionic content (e.g.,
artificial and natural seawater). Zeta potentials of all NPs in each treatment were stable over a 72
hour period, with only minor fluctuations in one case (i.e., Titan NPs in artificial seawater).
Anatase and P25 NPs immediately formed agglomerates with large weighted sizes in aqueous
media that changed little over a 72-hour period, whereas Titan NPs immersed in natural and
artificial seawater demonstrated a decrease in weighted size at 72 hours. All three types of NPs
were also readily incorporated into hetero-aggregations of marine snow over a 72-hour period,
with incorporation efficiencies between 92 and 100% after 168 hours.
Not surprisingly, the agglomeration potential of the three types of TiO2 NPs was higher
in natural and artificial seawater (zeta > -25) than in MQ water (zeta < -25), and is directly
related to the ionic strength of the solutions. Sillanpää et al. (2011) demonstrated similar findings
when P25 NPs were placed in brackish and freshwater at concentrations of 100 mg/L and 1
mg/L. Their results showed that P25 NPs agglomerated more readily in brackish waters than in
freshwater over a period of 60 minutes. Additionally, other works demonstrated that the addition
of salts to a colloidal suspension results in a masking of the surface charge of the particle,
causing the suspension to become unstable, and the particles to agglomerate (Christian et al.
2008; Handy et al. 2008; Tiede et al. 2009). Vevers and Jha (2008) reported that NPs centrifuged
in distilled water remained in suspension much longer than NPs centrifuged in a solution of
phosphate buffered saline. Another factor contributing to particle stability is the concentration of
DOM present in the solution. High concentrations of DOM result in colloidal stabilization, while
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low concentrations result in particle agglomeration (Labille et al. 2010). For example when high
concentrations of DOM are present, there is an abundance of negative charges in solution
resulting in Coulombic repulsion. On the other hand, in instances where the concentration of
DOM is lower, the number of negative and positive charges in solution are more balanced, which
favors Coulombic attraction. Water characterization data collected at the beginning of this study
showed DOC concentrations ranging from 0.63 mg/L in artificial seawater to 2.47 mg/L in
natural seawater, which according to Labille et al. (2010) is rather low, and would enhance
particle agglomeration.
Data from the present research support previous studies which suggest that measurements
of isoelectric point and zeta potential must account for the size, the crystalline structure, and the
surface area of the NPs in question. For example, the MQ-water used in these experiments had a
pH of approximately 5. Stable readings were obtained with a pH meter after the water
equilibrated with atmospheric carbon dioxide. According to published values of isoelectric
points, TiO2 NPs immersed in a solution with pH 5 should have produced a positive zeta
potential. Our data, however, consistently indicated that zeta potentials ranged from -25 to -40
mV. This discrepancy may be explained by both the hydrodynamic diameter and the crystalline
structure of the TiO2 NPs used in the study. Previous work examining the effects of NP size on
the dispersion of TiO2 in distilled water found that as the hydrodynamic diameter increases, so
does the pH of the solution (Suttiponparnit et al. 2011). Our samples contained agglomerations
of TiO2 NPs ranging anywhere from 500 nm to 3000 nm (data not shown) suggesting the larger
hydrodynamic diameters may have increased the pH of the MQ-water and led to negative zeta
potentials. In addition to size, the crystalline structure and the method of synthesis may play a
role in determining the isoelectric point and zeta potential. Both Parks (1965) and Suttiponparnit
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et al. (2011) reported changes in the isoelectric point and zeta potential of TiO2 NPs immersed in
distilled water when the crystalline phase and synthesis method of TiO2 NPs differed. For
example, Suttiponparnitt et al. (2011) demonstrated that 100% anatase NPs (38 nm) had an
isoelectric point of approximately 4.8 whereas 100% rutile NPs (102 nm) fell below the lower
limits of the test and could not be determined. According to these results, the trend between
isoelectric point and particle size suggests that as particle size increases, the isoelectric point
decreases (Suttiponparnitt et al. 2011). Since some of the particles in our suspensions were
micron-sized, it is possible that isoelectric points lower than 4.0 are possible (see Suttiponparnitt
et al. 2011), which may explain zeta potentials ranging from -25 to -40 at a pH of 5.0.
The weighted size of the Titan NPs immersed in natural and artificial seawater showed
little change between <0.2 and 1 hour, however a large and significant decrease in the size of
agglomerates was observed between 1 and 72 hours. In contrast, there was no change observed
in the MQ-water treatment over the same time period. In seawater, a reduction in the size of
agglomerates over time could be the result of changes in surface charge, however the zeta
potential data do not support this possibility, as no difference in potential was found between
<0.2 and 72 hours. Another possibility is that the NPs were dissolving over time, however, TiO2
has a low dissociation constant in aqueous matrices (Scientific Committee on Consumer Safety
2013), and the environmental conditions of this study were not commensurate with those
required to dissolve TiO2 particles (Schmidt and Vogelsberger 2006). A third possibility is that
bacteria present in the natural and artificial seawater treatments were utilizing the glycerin
surface coating on the Titan NPs as a source of carbon causing de-agglomeration. Our results
showed that the highest concentration of culturable bacteria was present in natural seawater
(>500 CFU/mL), followed by artificial seawater (17.5 CFU/mL). No culturable bacteria were
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found in MQ-water. Several studies have shown that surface coatings such as polyethylene
glycol (PEG; Haines and Alexander 1975; Thélu et al. 1980; Dwyer and Tiedje 1983; Bernhard
et al. 2008) and glycerin (Sher et al. 2004; Paulo da Silva et al. 2009; Shrivastav et al. 2010) are
viable sources of carbon for bacteria. Whether utilization of the glycerin surface coating caused
de-agglomeration of Titan NPs in the present study is unknown, but our findings suggest that the
presence or absence of bacteria should be considered in future studies on NP agglomeration and
de-agglomeration processes in natural waters.
During the seven-day rolling experiment, all three types of NPs were readily incorporated
into marine snow at a mean efficiency of 95% after 168 hours, with the majority of the
incorporation occurring between 0 and 72 hours (79% ± 12.7). These efficiencies are higher than
those found for the incorporation of polystyrene nanoparticles into marine snow (52 to 64% over
a 96-hour period; Ward and Kach 2009). Differences in the rate of incorporation were evident
among the three types of nanoparticles tested. For example, Titan NPs were incorporated
somewhat faster than the anatase and P25 NPs, demonstrating a significantly higher
concentration in marine snow at 24 hours. At 168 hours, however, the percent incorporation of
all three NPs in marine snow was the same. These data suggest that most TiO2 NPs released into
the natural environment will be incorporated into larger hetero-aggregations of marine snow (µm
to mm) after several days due to the physicochemical and biological processes that occur in
marine systems (Alldredge and Silver 1988; Alldredge and Jackson 1995).
Within marine snow, NPs would become more available to animals living on and in the
bottom substrata. For example, nano- and micrometer-sized particles incorporated into marine
snow generally sink faster than the same particles that are freely-suspended (Stokes Law; Hill
1998; Waite et al. 2000). Sinking rates of marine snow are on the order of tens of meters per day
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(Shanks and Trent 1980), and serve as a link in the vertical transport of nutrients and other
materials from the surface waters to the benthos (Kiørboe et al. 1990; Froescheis et al. 2000;
Lyons et al. 2007). For example, a marine snow hetero-aggregation with a diameter of 1 mm has
a settling rate of approximately 86 m/day (Shanks and Trent 1980). As a matter of perspective,
the time required for a 7-nm primary particle, a 500-nm homo-agglomeration, and a 1-mm
flocculation of marine snow to settle 1 meter in seawater would approximately be >100 years,
1.2 years, and 17 minutes, respectively (Stokes Law; Hill 1998). Therefore, agglomerations of
TiO2 NPs, as well as TiO2 NPs incorporated into marine snow, will reach the benthos faster and
in a more concentrated form than freely-suspended NPs.
Some reports suggest that bound NPs reaching the benthos are less accessible to aquatic
organisms, and as a result, pose less of a threat since their bioavailability is greatly reduced
(Brant et al. 2005; Navarro et al. 2008; Nel et al. 2009). This supposition may be valid for
pelagic organisms; however, it fails to account for benthic animals such as suspension- and
deposit-feeders that would be more exposed to rapidly sinking material. TiO2 NPs are
recalcitrant in aqueous environments (Schmidt and Vogelsberger 2006), so particles reaching the
sediments either agglomerated or incorporated in marine snow would remain available to benthic
particle-feeders until buried below the level of bioturbation.

5. Conclusion

This study provides insight into the behavior and fate of NPs immersed in marine and
freshwater ecosystems. All types of TiO2 NPs studied in this work readily agglomerated in
aqueous media forming masses ranging in size from ca. 0.5 to 4 µm. Additionally, these NPs
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were readily incorporated into the organic matrix of marine snow, a naturally forming
aggregation important in marine food webs and in the vertical transport of materials to the
benthos. These findings suggest that in marine and estuarine waters, natural physicochemical
processes will promote the formation of homo- and hetero-agglomerations of TiO2 NPs,
expediting deposition to the benthic sediments. Knowledge of the behavior of NPs under
environmentally-relevant conditions is critical for an understanding of how these particles are
transported in the environment and are encountered by aquatic organisms.
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CHAPTER 2:
INGESTION AND DEPURATION OF TITANIUM DIOXIDE NANOPARTICLES BY
THE BLUE MUSSEL (Mytilus edulis) AND THE EASTERN OYSTER (Crassostrea
virginica)
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Abstract

This work examined the ingestion and depuration of titanium dioxide nanoparticles by two
species of suspension-feeding bivalves, the blue mussel and the eastern oyster. Nanoparticles
were delivered to the animals either incorporated into marine snow or added directly to seawater
at a concentration of 4.5 mg/L for two hours. After feeding, the animals were transferred to
filtered-seawater and allowed to depurate. Feces and tissues were collected at 0, 6, 24, 72, and
120 hours, post-exposure, and analyzed for concentrations of titanium by inductively coupled
plasma mass spectrometry. Results indicated that the capture and ingestion of titanium dioxide
nanoparticles by both species was not dependent on the presence of marine snow. Additionally,
greater than 90% of the titanium dioxide nanoparticles on average were removed from the tissues
after 6 hours, suggesting accumulation of titanium dioxide nanoparticles does not occur in
mussels and oysters following an acute exposure.
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1. Introduction

Currently, the annual production of nanoscale titanium dioxide (TiO2) in the United
States is estimated to be approximately 1.4 million metric tons with environmental loads
expected to reach 2,000,000 to 6,000,000 tons over the next decade (Robichaud et al. 2009). The
production and widespread use of nano-enabled products will likely lead to the release of
nanoparticles (NPs) into the environment, either directly via firsthand use and spills, or indirectly
via release from landfills, waste incineration plants, and wastewater treatment facilities (Cheng et
al. 2004; Moore 2006). As a result, several studies have attempted to calculate the current
concentrations of TiO2 NPs in the environment. For example, Kaegi et al. (2008) found
concentrations of TiO2 NPs in runoff water collected from painted facades as high as 3.5 x 108
particles/L. In addition, Mueller and Nowack (2008) predicted the concentration of TiO2 NPs in
aquatic environments to be approximately 0.7 µg/L to 16 µg/L.
Coastal ecosystems in close proximity to densely populated, industrialized regions are
particularly vulnerable to the infiltration of anthropogenic materials such as NPs (Moore 2006).
These systems support a rich diversity of organisms including bivalve molluscs, a group of
benthic, suspension-feeders, which are pervasive in coastal and estuarine waters. Bivalves play a
critical role in nutrient cycling and material exchange between the surrounding water and
sediments, and are capable of clearing particulate matter from significant volumes of water
(Dame 1993; Dame 1996). Furthermore, bivalves are commonly regarded as living marine
resources as they are a crucial component of the food web, and they provide a source of jobs and
sustenance to people living in coastal regions. The abundance of bivalves in near-shore
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environments, their sedentary lifestyle, and predilection for suspension-feeding could make these
animals more susceptible to NPs entering coastal waters (Gagné et al. 2008).
In the marine environment, few particles exist in a solitary state. Depending on the time
of year, greater than 70% of natural particles of disparate size and quality are incorporated into
marine snow (Alldrege et al. 1993). Marine snow forms when organic (living and detrital) and
inorganic particles in marine and freshwater environments begin to coagulate (Alldredge and
Silver 1988; Kiørboe et al. 1990). Particle coagulation is enhanced by transparent exopolymeric
particles (TEP), which are exuded in abundance by bacteria and phytoplankton as well as benthic
suspension-feeders (Alldrege et al. 1993; Simon et al. 2002; Heinonen et al. 2007; Li et al.
2008). TEP consist of mucopolysaccharides that coat surfaces, and increase the “stickiness”, of
organic and inorganic particles suspended in the water column (Alldredge and Silver 1988;
Jackson 1990; Kiørboe et al. 1990; Passow 2002; Simon et al. 2002). Over time, particles in
aqueous environments are mixed by physical forces such as shear, Brownian motion, and
differential settling causing particle collision and coagulation that eventually forms marine snow
(Jackson 1990; Kiørboe et al. 1990; Simon et al. 2002). Therefore, nanoparticles reaching coastal
waters, or resuspended from the sediments during storm events, will likely be incorporated into
marine snow.
Particle size is critical to encounter and ingestion in suspension-feeding bivalves (Ward
and Shumway 2004). For example, bivalves can capture particles greater than 5 µm with an
efficiency of approximately 100% however, that capture efficiency decreases as particles become
smaller (Møhlenberg and Riisgård 1978; Riisgård 1988). A few bivalve species, such as
Geukensia demissa, are able to capture 1-µm particles with approximately 50% efficiency, but
for most species of bivalves the capture efficiency of particles smaller than 1 µm is less than
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20% (Ward and Shumway 2004; Kach and Ward 2008). Furthermore, particle size will increase
as a result of agglomeration or incorporation into marine snow, which can also lead to improved
capture efficiency in bivalves. For example, Ward and Kach (2009) observed extremely low
capture efficiencies of freely-suspended 100-nm fluorescent polystyrene particles in the blue
mussel (Mytilus edulis), and the eastern oyster (Crassostrea virginica), however, capture
efficiency increased significantly when NPs were incorporated into marine snow.
Agglomerated particles and particles incorporated into marine snow possess larger
diameters than constituent particles resulting in enhanced settling rates (Stokes Law; Hill 1998;
Waite et al. 2000). Greater settling could lead to increased encounter and bioavailability of NPs
in suspension-feeding organisms. Many studies allude to the ingestion of aggregated NPs by
suspension-feeding bivalves, but do not include ecologically-relevant experiments addressing
particle capture and ingestion efficiencies (Gagné et al. 2008). Only the study by Montes et al.
(2012) examines the ingestion and bioaccumulation of NPs (CeO2 and ZnO) in suspensionfeeding bivalves (Mediterranean mussel, Mytilus galloprovincialis). Hence, there is a paucity of
data regarding the capture, ingestion, and depuration rates of NPs in suspension-feeding
bivalves.
The purpose of this work was to evaluate whether the form of delivery of TiO2 NPs
(either freely-suspended or incorporated into marine snow) affected the capture, ingestion,
bioaccumulation, and depuration of these particles in two species of bivalves: the blue mussel
(Mytilus edulis) and the eastern oyster (Crassostrea virginica). These two species are among the
most abundant, commercially relevant bivalves in the intertidal and estuarine ecosystems along
the eastern seaboard and Gulf coasts of the United States, making them likely candidates for NP
exposure and subsequent consumption by humans. The experiments presented here are among
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the first to examine ecologically-relevant interactions between marine animals and
nanomaterials.

2. Materials and Methods

2.1 Production of Marine Snow
Natural seawater was collected from the intertidal zone at Avery Point beach, and sieved
through a 210-µm mesh to remove macroalgae and large planktonic organisms. A stock
suspension of TiO2 NPs (Meliorum Technologies; anatase, 99.9% pure) was prepared in MQwater at a concentration of 250 mg/L. The stock suspension was placed on a stir plate and
subjected to ultrasonication (Fisher Scientific FB-505) at 13.8 Watts for 30 minutes (modified
from Wang et al. 2009; Taurozzi et al. 2012). Following ultrasonication, a working suspension
was created by placing TiO2 NPs from the stock suspension into sieved-seawater (210-µm mesh)
to achieve a final concentration of approximately 4.5 mg/L (4.4 - 4.7 mg/L). The working
suspension was mixed on a stir plate and then poured into 1-L Nalgene rolling bottles in quarterliter aliquots. The suspension was stirred and agitated after dispensing each aliquot to ensure that
the NPs remained well mixed. This process was repeated until all the rolling bottles were full.
Bottles designated as rolled samples were placed on a roller table for 72 hours at 15 rpm to create
marine snow. Unrolled bottles consisting of the same solutions as described above, were placed
next to the roller table for 72 hours. The unrolled bottles were used as controls to examine the
fate of the TiO2 NPs in sieved seawater when the effects of rolling were not present. The creation
of laboratory generated marine snow simulates the Brownian motion, differential settling, and
shear that are responsible for generating marine snow in the natural environment (Shanks and
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Edmondson 1989), and is a widely accepted technique in the literature (Kach and Ward 2008; Li
et al. 2008; Ward and Kach 2009; Lyons et al. 2010). In addition, a second treatment was
prepared as described above to calculate the percent incorporation by determining the
concentration of TiO2 NPs in the marine snow and the water samples following the removal of
the marine snow (final water samples).

2.2 Feeding Experiments
Prior to the experiments, 102 mussels collected from local populations and 102 oysters
obtained from the Noank Shellfish Cooperative (Noank, CT, USA) were cleaned of all fouling
organisms and sediment. A Velcro® strip was adhered to one of the animals’ shells using a twopart marine epoxy (Ward and Kach 2009). Animals were held in an environmental chamber and
fed Tetraselmis sp. for several days in order to allow the animals to acclimate to a temperature
between 18° to 20° C.
Two preliminary steps were taken to eliminate stress and ensure the bivalves would open
and feed during the experiments. First, the bivalves were secured to craft sticks with Velcro®
and transferred to a large holding tray filled with aerated seawater. Second, the animals were fed
Tetraselmis sp. approximately 60 minutes prior to the commencement of the experiments. Past
experience has shown that the aforementioned steps reduce stress and facilitate opening of the
valves and feeding.
During experimentation, each animal was exposed to one of four treatments. Two of the
four treatments, rolled and unrolled (described above), exposed the animals to TiO2 NPs
incorporated into marine snow (rolled) and TiO2 NPs not in marine snow (unrolled). The third
treatment consisted of NPs added directly into 1-L Nalgene bottles containing sieved-seawater
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(210-µm mesh) just prior to the start of the feeding assay (designated freely-suspended). The last
treatment, which served as controls and blanks, consisted of 1-L Nalgene bottles containing just
filtered-seawater (no NPs).
Bottles containing these four treatments were arranged on multi-position stir plates. Each
bottle was supplied with gentle aeration using glass Pasteur pipettes and a stir bar. The stir plates
were programmed to agitate the water for 10 seconds every 15 minutes to prevent the marine
snow from settling on the bottom for too long. The water was then spiked with 10-μm
polystyrene beads at a concentration of 2,000 beads/mL. The 10-μm polystyrene beads have a
diameter large enough to ensure a capture efficiency of approximately 100% in both species, and
were used as a means of determining feeding activity (Ward and Kach 2009).
Animals with their shells open and mantles extended were transferred from the holding
tray into the bottles. One bivalve was placed into each bottle and its craft stick secured to the rim
by means of a wooden clip so that the animal was in the center of the bottle (Ward and Kach
2009). Animals were allowed to feed for two hours with time commencing after their valves reopened and mantles extended. After two hours of feeding, the animals were transferred from the
bottles to clean 1-L beakers containing filtered-seawater (0.22-μm membrane) at 18° to 20° C.
Feces were collected immediately from the 1-L Nalgene bottles and labeled as the 0-hour sample
(time, post-exposure). Pseudofeces were not collected during this experiment as we were
interested in how much of the TiO2 NPs were ingested, not simply captured. Animals were fed a
diet of Tetraselmis sp. at a concentration of 10,000 cells/mL, and feces were collected at 6, 24,
72, and 120 hours post-exposure to examine the depuration rates of the NPs.
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2.3 Sample Analysis
Animals were sacrificed after feeding at 0, 6, 24, 72, and 120 hours, post-exposure. The
visceral mass, mantle, and gills were removed by dissection and placed in 20-mL scintillation
vials. Tissues were stored at -20° C overnight and then lyophilized for 48 hours to remove any
remaining moisture. A dry mass was obtained, and then the organs were digested in 2 mL of 18
M H2SO4 and 16 M HNO3 in a 3:7 ratio (volume/volume) for 24 hours. Following digestion, the
samples were agitated on a vortex, and the acid digest was diluted to a 1% solution using MQwater. Feces produced by each animal were also collected at each time interval and placed into
individually labeled 15-mL Falcon tubes. The tubes were then centrifuged at 3220 x g for 15
minutes, and the supernatant removed. The feces were washed once with 5 mL of MQ-water, and
centrifuged a second time at 3220 x g for 15 minutes. The supernatant was again removed, and
the feces were lyophilized for 48 hours to remove any remaining moisture. A dry mass was
obtained, and the feces were digested in 2 mL of 18 M H2SO4 and 16 M HNO3 in a 3:7 v/v ratio
for 24 hours. The acid digest was then diluted to a 1% solution using MQ-water. A subsample of
the dilution was collected and the average number of 10-μm polystyrene beads in the feces was
determined using a hemocytometer. Animals that had an average of less than one bead in their
feces (equivalent to the ingestion of less than 1% of available beads), or no TiO2 present in the
visceral mass or feces at 0 hours (immediately following exposure to NPs) were considered not
to have fed during the experimental period and were removed from the analyses.
Tissue and feces samples were analyzed using an ELAN DRC II inductively coupled
plasma mass spectrometer (ICP-MS; Perkin Elmer) for titanium to examine the concentration of
TiO2 present. The ICP-MS was tuned to detect the titanium-47 isotope in the tissue and feces
samples to avoid interference from the high levels of the titanium-48 isotope found in natural

77

seawater. Concentrations of TiO2 were then normalized to the dry mass of the tissue and feces.
The analytical error of the ICP-MS was calculated to be 0.910 ± 0.06 mg/L (mean ± standard
deviation of six solutions containing TiO2 at a concentration of 1 mg/L). The limits of detection
of the ICP-MS were calculated to be 37.5 µg/L.

2.4 Statistics
Two-way analysis of variance (ANOVA) tests were used to compare the effects of
treatment and time on the concentration of TiO2 NPs measured in the gills, mantles, visceral
masses, and feces of the mussels and oysters. Effects of the two independent variables (time,
treatment) within a given tissue/fecal sample and bivalve species were of main interest, so twoway procedures were applied. If no differences were found between treatments at each time
period, data were pooled and reanalyzed to examine effects of time and species on TiO2
concentrations within tissue/fecal samples. Following ANOVA analyses, a Tukey's HSD posthoc test was applied to examine differences between levels of the independent variables. Prior to
statistical analyses, data were assessed for homoscedasticity and normality using an equality-ofvariance test and the Kurtosis test, respectively. Data sets that did not meet the underlying
assumptions were transformed by means of a square-root or natural-log transformation. In all
tests, an alpha level of 0.05 was used.
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3. Results

3.1 Effects of Natural Seawater and Incorporation into Marine Snow
The TiO2 NPs formed agglomerations ranging in size from approximately 0.25 to 1 µm
after being exposed to sieved seawater for 72 hours (Fig. 1A). The percent incorporation of TiO2
NPs in laboratory-made marine snow was 56.8 ± 1.64 (standard deviation; n = 3) after 72 hours.
Analysis using field emission scanning electron microscopy with energy dispersive X-ray
spectroscopy (FESEM-EDX) revealed agglomerations of TiO2 NPs ranging in size from 2 to 4
µm present in the organic matrix of marine snow (Fig. 1B).

3.2 Ingestion and Depuration
Data analyses of the concentration of TiO2 NPs on the gills of the mussels indicated a
significant time effect, no significant treatment effect, and no significant interaction effect
between the two independent variables (two-way ANOVA; Table 2; Fig. 2A). Pairwise
comparisons indicated that the concentration of TiO2 on the gills immediately after the 2-hour
feeding exposure (0-hour) was significantly greater than that on the gills after 6, 24, 72, and 120
hours of exposure (Tukey's, p < 0.05). No significant differences in concentration were found
between the gills sampled at 6, 24, 72, and 120 hours post-exposure (p > 0.1). Data analyses of
the concentration of TiO2 NPs on the gills of the oysters indicated no significant time or
treatment effects, and no significant interaction effect between the two independent variables
(two-way ANOVA; Table 2; Fig. 2B).
Analyses of the concentration of TiO2 NPs in the visceral mass of mussels indicated a
significant time effect, no significant treatment effect, and no significant interaction effect
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between the two independent variables (two-way ANOVA; Table 2; Fig. 3A). Pairwise
comparisons indicated that the concentration of TiO2 in the visceral mass after the 2-hour feeding
exposure (0-hour) was significantly greater than that in the visceral masses at 6, 24, 72, and 120
hours of exposure (Tukey's, p < 0.01). No significant differences were found between the
visceral masses sampled 6, 24, 72, and 120 hours post-exposure (p > 0.1). Analyses of the
concentration of TiO2 NPs in the visceral mass of oysters resulted in the same effects as those
outlined above for mussels (two-way ANOVA; Table 2; Fig. 3B).
Subsamples of mantle from the mussels and oysters were examined at 0, 6, 24, 72, and
120 hours, and measurable concentrations of TiO2 NPs were detected only in the 0-hour samples.
Data analyses of the concentration of TiO2 in the mantle of mussels and oysters at 0 hours
revealed no significant treatment effects (p > 0.1; one-way ANOVA).
Visual observation showed the feces of both the mussels and oysters demonstrated a
color transition due to the presence of TiO2 NPs over the course of the 120-hour depuration
period. For example, the feces produced at both the 0- and 6-hour time intervals was white in
color, while a mix of both white and greenish-brown feces was observed at 24 hours. The feces
produced during the 72- and 120-hour time intervals were the usual greenish-brown hue. This
color transition from white to greenish-brown feces indicates the depuration of TiO2 NPs was
occurring over time. Analyses of the concentration of TiO2 NPs in the feces of mussels indicated
a significant time effect, no significant treatment effect, and no significant interaction effect
between the two independent variables (two-way ANOVA; Table 2; Fig. 4A). Pairwise
comparisons indicated that the concentration of TiO2 NPs in the feces decreased significantly at
each time interval over a 120-hour period (Tukey's, p < 0.05). Data analyses of the concentration
of TiO2 NPs in the feces of oysters indicated a significant time effect, no significant treatment
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effect, and no significant interaction effect between the two independent variables (two-way
ANOVA; Table 2; Fig. 4B). Pairwise comparisons indicated that the concentration of TiO2 in the
feces after the 2-hour feeding exposure (0-hour) was significantly greater than that in the feces at
6, 24, 72, and 120 hours of exposure (Tukey's, p < 0.01). No significant differences were found
between the feces sampled 6, 24, 72, and 120 hours post-exposure (p > 0.1).
The three treatments (rolled, unrolled, and freely-suspended) to which mussels and
oysters were exposed had no effect on the concentration of TiO2 measured in any sample of
tissue or feces. Therefore, data for the treatments at each sampling time were pooled in order to
more easily compare capture and ingestion between the two species. Analyses of these data for
gill tissues indicated a significant time effect, no species effects, and no interaction effect
between the two independent variables (two-way ANOVA; Table 3, Fig. 5A). Pairwise
comparisons indicated that the concentration of TiO2 on the gills immediately after the 2-hour
feeding exposure (0-hour) was significantly greater than that on the gills after 6, 24, 72, and 120
hours of exposure (Tukey's, p < 0.05). No significant differences in concentration were found on
the gills sampled at 6, 24, 72, and 120 hours post-exposure (p > 0.1). Comparison of the
concentration of TiO2 in the visceral masses of the two species over time indicated a significant
time effect, a significant species effect, and no interaction effect between the two independent
variables (two-way ANOVA; Table 3, Fig. 5B). Pairwise comparisons indicated that the
concentration of TiO2 in the visceral masses after the 2-hour feeding exposure (0-hour) was
significantly greater than that in the visceral masses at 6, 24, 72, and 120 hours of exposure
(Tukey's, p < 0.01). No significant differences were found between visceral masses sampled at 6,
24, 72, and 120 hours, post-exposure (p > 0.1). Additionally, at the 0-hour time interval there
was a significant difference in the concentration of TiO2 NPs in the visceral masses of mussels
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and oysters (Tukey's, p < 0.01). Analyses of the concentration of TiO2 NPs in the feces indicated
a significant time effect, a significant species effect, and no interaction effect between the two
independent variables (two-way ANOVA; Table 3, Fig. 5C). Pairwise comparisons indicated that
the concentration of TiO2 NPs in the feces decreased significantly at each time interval over a
120-hour period (Tukey's, p < 0.01). Additionally, at both the 6- and 72-hour time intervals the
concentration of TiO2 NPs in the feces of mussels was significantly greater than that of the
oysters (Tukey's, p < 0.05).
A mass balance was created by dividing the amount of TiO2 NPs in each type of tissue by
the total amount of TiO2 NPs in the entire animal for each time interval (Fig. 6). The size of each
circle represents the relative amount of TiO2 at each time interval as a proportion of the total
amount of TiO2 ingested by each group of bivalves over the experimental period. The data
indicate a decreasing amount of TiO2 NPs with time in the organisms’ tissues until only residual
concentrations were detected at 72 and 120 hours.
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Table 1: Results of two-way analyses of variance for (A) mussels and (B) oysters. In the gill,
visceral mass, and feces, the concentration of TiO2 NPs was compared over five time intervals
(0, 6, 24, 72, and 120 hours) and three different treatments (rolled, unrolled, and freelysuspended).
(A) Mussel
Source
Gill
Time
Treatment
Time x Treatment
Error
Visceral Mass
Time
Treatment
Time x Treatment
Error
Feces
Time
Treatment
Time x Treatment
Error
(B) Oyster
Source
Gill
Time
Treatment
Time x Treatment
Error
Visceral Mass
Time
Treatment
Time x Treatment
Error
Feces
Time
Treatment
Time x Treatment
Error

df

MS

F

p

4
2
8
75

0.083
0.002
0.003
0.020

4.124
0.118
0.125

0.004
0.889
0.998

4
2
8
75

1.905
0.025
0.090
0.101

18.86
0.246
0.888

0.000
0.783
0.531

4
2
8
74

92.66
1.049
0.462
0.762

121.6
1.377
0.606

0.000
0.259
0.770

df

MS

F

p

4
2
8
67

0.002
0.001
0.002
0.003

0.704
0.369
0.730

0.592
0.693
0.665

4
2
8
67

0.226
0.012
0.013
0.046

4.961
0.265
0.288

0.001
0.768
0.968

4
2
8
70

639042
59776
16082
94286

6.778
0.634
0.171

0.000
0.533
0.994
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Table 2: Results of two-way analyses of variance for mussels and oysters (treatments pooled). In
the gill, visceral mass, and feces, the concentration of TiO2 NPs was compared between the two
species (mussels and oysters) over five time intervals (0, 6, 24, 72, and 120 hours).

Source
Gill
Time
Species
Time x Species
Error
Visceral Mass
Time
Species
Time x Species
Error
Feces
Time
Species
Time x Species
Error

df

MS

F

p

4
1
4
162

0.021
0.001
0.004
0.005

4.146
0.128
0.842

0.003
0.721
0.501

4
1
4
162

2.196
0.373
0.181
0.083

26.58
4.511
2.191

0.000
0.035
0.072

4
1
4
164

168.4
11.99
0.629
0.990

170.1
12.10
0.635

0.000
0.000
0.638
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Figure 1: TiO2 NPs in (A) seawater and (B) marine snow after 72 hours. An “S” indicates the
presence of salt, and “DF” denotes diatom frustules. Arrows show the location of agglomerations
of TiO2 NPs.
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Figure 2: Concentration of TiO2 NPs on the gills of mussels (A) and oysters (B) in three
different treatments over time (note difference in scale). Bars designated by different letters are
significantly different at p < 0.05. ND indicates no titanium was detected. Data are means ±
standard error (n = 3 to 6).
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Figure 3: Concentration of TiO2 NPs in the lumen of the visceral mass of mussels (A) and
oysters (B) in three different treatments over time (note difference in scale when compared to the
gill). Bars designated by different letters are significantly different at p < 0.05. ND indicates no
titanium was detected. Data are means ± standard error (n = 3 to 6).

87

Figure 4: Concentration of TiO2 NPs in the feces collected from mussels (A) and oysters (B) in
three different treatments over time. Bars designated by different letters are significantly
different at p < 0.05. Bars designated by different letters are significantly different at p < 0.05.
Data are means ± standard error (n = 6).
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Figure 5: Concentration of TiO2 NPs in the gills (A), the visceral mass (B), and the feces (C) of
mussels and oysters over time (treatments pooled). Bars designated by different letters are
significantly different at p < 0.05. Capital letters denote differences in time, whereas lower case
letters show differences among species. Data are grand means ± standard error (n = 18).
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Figure 6: Percentage of TiO2 NPs measured in the tissues and feces of mussels (A) and oysters
(B) at each time interval (treatments pooled). VM = visceral mass, G = gill, M = mantle, F =
feces, RC = residual concentrations detected.
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4. Discussion

Counter to our main alternate hypothesis, we found no increase in the capture of TiO2
NPs following incorporation in marine snow. This finding was likely a result of the
agglomeration potential of TiO2 NPs in seawater (Christian et al. 2008; Handy et al. 2008; Tiede
et al. 2009; Sillanpää et al. 2011). When TiO2 NPs are immersed in seawater, dissolved organic
matter (DOM) begins to coat the particles creating a uniform negative charge at the particle
surface (Handy et al. 2008). The negatively charged surface of the particle then begins to attract
cations dissolved in solution promoting Columbic attraction and enhanced agglomeration (Handy
et al. 2008; Lead and Smith 2009). As agglomeration of the NPs increases so does the particle
diameter making it more likely that the TiO2 NPs will be encountered by the organism in a form
in which they can be captured and ingested. Our data examining the physiochemical behavior of
TiO2 NPs immersed in natural seawater show the formation of agglomerations ranging in size
from approximately 0.5 to 3 µm over a 72 hour exposure period (data not shown for brevity).
Particles > 1.5 µm can be captured by both mussels and oysters at an efficiency of between 50
and 75% (see Ward and Shumway 2004 for review). Thus, the agglomeration of TiO2 NPs in
natural seawater is as effective as marine snow at increasing the particle diameter, and enabling
capture on the bivalve gill. Our results support the findings of other research which indicates that
bivalves can effectively capture a variety of NP types on the gill including Ag, Au, ZnO, CeO2,
TiO2, SiO2, carbon black, and C60 fullerene (Koehler et al. 2008; Peyrot et al. 2009; Canesi et al.
2010b; Tedesco et al. 2010; Montes et al. 2012; Gagné et al. 2013), however, our study is unique
in that it uses an ecologically relevant process (marine snow) to deliver the NPs to the bivalves.
The bulk of the TiO2 NPs were removed from the gills and visceral mass of both the
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mussels and oysters between 0 and 6 hours, post-exposure. On the gills, the average residence
time of particle is on the order of minutes, as material is rapidly transported to the labial palps or
mantle (Milke and Ward 2003). In the gut, food particles with high nutritive value are retained
for extracellular digestion in the stomach, followed by intracellular digestion in the cells of the
digestive gland. Previous studies regarding gut-retention time (GRT) report that M. edulis retain
natural food particles for a period of approximately 2.5 hours (Bayne et al. 1989), whereas C.
virginica was found to retain natural food particles for approximately 9 hours (Owen 1966;
Owen 1974; Morton 1977) depending on feeding rate and tidal cycle. Conversely, particles with
little to no nutritive value are retained for minimal extracellular digestion in the stomach, which
lasts approximately 30 minutes. The particles are then transported to the intestine for elimination
(Bricelj et al. 1984; Brillant and MacDonald 2002; Brillant and MacDonald 2003; Ward and
Shumway 2004).
Bivalves also retain larger, lighter particles longer than smaller, denser particles because
organic matter tends to be larger and lighter than inorganic particles that contain little nutritive
value. Thus, larger, lighter material remains suspended in the stomach for more thorough
processing, while the smaller denser particles settle into the selection tracts where they are
transported quickly to the intestine for egestion (Reid 1965; Brillant and MacDonald 2000;
Brillant and MacDonald 2002). This separation of particles in the gut of bivalves based on size
and density increases digestive efficiency and reduces digestive investment in material with little
to no nutritive value (Brillant and MacDonald 2000). Based on these findings, the data obtained
during acute feeding exposures of two hours indicate two important points. First, the mussels and
oysters handled the bulk of the TiO2 NPs as small, dense particles with little nutritive value,
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moving the particles quickly through extracellular digestion to the intestine for egestion. Second,
TiO2 NPs are rapidly depurated from both mussels and oysters following ingestion.
Immediately following exposure (0 hours), greater than 70% of the ingested TiO2 NPs
had been eliminated in the feces of both mussels and oysters (Fig. 6). After 6 hours, greater than
90% of the ingested TiO2 NPs had been eliminated as feces, however trace amounts were still
discernible in the animals’ visceral masses. These relatively short GRTs further indicate that
most of the TiO2 NPs were not directed to the digestive gland and were egested as intestinal
feces. The detection of TiO2 NPs in the visceral mass tissues after 6 hours suggests some of the
TiO2 NPs might be directed to the digestive gland for more thorough processing (Fig. 6).
Previous studies found the removal of nanoparticles from the tissues of bivalves may take several
days (Montes et al. 2012; Al-Sid-Cheikh et al. 2013), which supports our finding that the bulk of
the TiO2 nanoparticles were depurated after approximately 72 hours (Fig. 4). The trace amounts
of TiO2 NPs detected in the feces of both the mussels and oysters up to 120 hours can be
attributed to two factors. First, there is an inherent amount of biological variation between the
individual animals used to calculate the mean at a given time interval. Second, it is possible that
a small portion of the posterior intestine was left attached to the adductor muscle, which
contained TiO2 but was not accounted for in the visceral mass samples.

5. Conclusion

Mussels and oysters were able to capture and ingest TiO2 NPs regardless of the treatment
to which they were exposed. Data demonstrate that there were no significant differences in the
capture of nanoparticles in the rolled, unrolled, and freely-suspended treatments for either
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species. The data also indicate that once the TiO2 NPs are ingested, the animals are able to
eliminate the majority of nanomaterial within the first 6 hours from their gills, mantles, and
visceral masses. According to the analytical methods used in this study, there was no indication
that the TiO2 NPs were directly taken up into the animals’ cells or tissues. Our analyses show the
TiO2 NPs are either adhered to the surface of the tissues, as is the case with the gills, or are
located within the lumen of the digestive tract. Further experiments are necessary to determine
whether uptake into the tissues is occurring following exposure.
In addition, the data reflect only trace amounts of TiO2 NPs in the animals’ feces after 72
hours. The significant differences in the concentration of TiO2 in the visceral masses of mussels
and oysters at 0-hours, and in the feces at 0- and 6-hours post-exposure probably indicate
differences in feeding rates. As a result, these data suggest that after an acute, 2-hour exposure,
the possibility of long-term accumulation of TiO2 NPs does not seem likely in mussels and
oysters.
Large agglomerations of nanoparticles are deposited to the benthos more rapidly and are
captured by bivalves more efficiently than the primary particles. This is a direct divergence from
the more traditional position which suggests that aggregation increases particle diameter, thereby
decreasing bioavailability (Brant et al. 2005; Navarro et al. 2008; Nel et al. 2009). TiO2 NPs are
believed to be recalcitrant in natural systems, and resuspension of previously sedimented NPs
could serve to continually re-expose benthic suspension- and deposit-feeding organisms to
nanomaterials. Evidence that resuspension events, such as storms, could serve as a mechanism
for re-exposure suggests that more long-term exposures are required to fully understand the
effects of nanomaterials on benthic organisms.

94

The exposure concentrations used in this study are greater than those deemed
environmentally relevant (low µg/L; see Mueller and Nowack 2008). The conditions detailed in
this work, however, are quite possible in a scenario where NPs are released into the aquatic
environment during a spill, and the effluent is rapidly dispersed through dilution and the action
of currents and tides. Although depuration of TiO2 NPs seems rapid following an acute exposure,
bioaccumulation of this material and its cellular effects during chronic exposures needs to be
determined.
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CHAPTER 3:
CELLULAR EFFECTS OF TITANIUM DIOXIDE NANOPARTICLES ON THE
HEMOCYTES OF THE EASTERN OYSTER (Crassostrea virginica)
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Abstract

The purpose of this study was to examine the immunological response of bivalve hemocytes
following exposure to bulk and nanoparticulate titanium dioxide. Hemolymph was withdrawn
from the adductor muscle of the eastern oyster (Crassostrea virginica), and exposed to bulk
titanium dioxide (rutile and anatase) as well as UV-Titan M212 and anatase nanoparticles at
concentrations of 0.1, 0.5, 1.0, and 5.0 mg/L. The hemocytes were incubated with the titanium
dioxide for two and four hour periods under dark conditions. At the end of the designated
incubation period, the viability, phagocytosis, and production of reactive oxygen species were
evaluated using flow cytometry. Results indicated that exposure to bulk and nanoparticulate
titanium dioxide had little effect on the viability of oyster hemocytes, but significant changes
were observed in phagocytosis and the production of reactive oxygen species. Further, the
significant changes in phagocytosis and the production of reactive oxygen species were closely
associated with variations in the size and percentage of granular hemocytes present at different
concentrations over time. The findings of this work demonstrate that oyster hemocytes are
sensitive to titanium dioxide following acute, in vitro exposures.
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1. Introduction

Nanoparticles (NPs) have applications in a diverse range of consumer products with an
economic worth projected to reach $2.5 trillion dollars by the year 2015 (Lux Research 2009). In
particular, titanium dioxide (TiO2) NPs possess novel physicochemical properties that are highly
sought after in the manufacture of paint, surfaces, solar powered devices, cosmetics, and
sunscreens. For example, TiO2 NPs are used in paint as opaquers (Donaldson et al. 2007) and to
absorb air pollutants (Bueza et al. 2007), in self-cleaning windows as photocatalytic coatings
(Bueza et al. 2007), on surfaces to expedite chemical and microbial decomposition (Albrecht et
al. 2006; Bueza et al. 2007; Sharma 2009), in photovoltaic devices to capture UV radiation
(Matsui 2005), and in cosmetics and sunscreens to absorb UV radiation (Jaroenworaluck et al.
2006; Siddiquey et al. 2007; Labille et al. 2010). As a result, the production rates of TiO2 are
projected to increase to 200,000 tons per year in order to meet the demand (Robichaud et al.
2009; Future Markets Report 2011). With an increasing demand for production and inclusion in
retail products, it is nearly certain that NPs are reaching aquatic environments (Moore 2006;
Baun et al. 2008; Mueller and Nowack 2008). Currently, environmental concentrations of TiO2
NPs in aquatic systems are estimated to be 16 μg/L (Mueller and Nowack 2008), with
environmental loads expected to be in the range of 2,000,000 to 6,000,000 tons over the next
decade (Robichaud et al. 2009).
Research regarding the effects of TiO2 NPs on aquatic organisms has demonstrated
toxicity in a variety of different species including Oncorhynchus mykiss (rainbow trout; Vevers
and Jha 2008), Oryzias latipes (Japanese medaka; Ma et al. 2012), Arenicola marina (lugworm;
Galloway et al. 2010), Daphnia magna (water flea; Adams et al. 2006; Hund-Rinke and Simon
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2006; Lovern and Klaper 2006; Warheit et al. 2007; Ma et al. 2012). Fewer studies have
examined the effects of TiO2 NPs on bivalve molluscs. Bivalves are a predominant group of
benthic, suspension feeders which are capable of clearing particulate matter from significant
volumes of water (Dame 1996). These characteristics make bivalves an ideal sentinel species,
and an important group of organisms to study with respect to the interactions of NPs and the
aquatic environment. Of great significance is the fact that bivalves may serve as a ‘vector’ for the
transfer of NPs to humans.
When confronted with the threat of potential toxicants, bivalves respond by initiating a
swift, innate immune response (Feng 1988). The primary cells involved in the immune response
of bivalves are the hemocytes. Hemocytes are motile cells that are responsible for the
recognition, transport, and disposal of foreign materials through the process of phagocytosis, and
the production of proteolytic enzymes and reactive oxygen species (ROS; Fisher 1986; Chu
1988; Feng 1988; Anderson 1994; Winston et al. 1996). Traditionally, it has been accepted that
there are at least two forms of hemocytes, granular and agranular (Fisher 1986; Cheng 1996),
however recently published evidence suggests only one type of hemocyte with several
developmental stages may in fact exist (Rebelo et al. 2013). Following the initial encounter,
foreign particles are captured by the hemocytes and compartmentalized into a phagosome, to
which a lysosome binds to form the phagolysosome (Engleberg et al. 2006). Lysosomal enzymes
and ROS are then released inside the vesicle to elicit particle degradation (Pipe 1992).
Contact with TiO2 NPs may present an unfamiliar challenge to the innate and adaptive
immune systems of biological organisms as synthetic NPs did not exist throughout the
evolutionary process (Moore 2006). Several recently published works demonstrated that
hemocytes of the Mediterranean mussel, Mytilus galloprovincialis, exposed to TiO2 NPs, in
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vitro, resulted in sublethal effects such as changes in the lysozymes, phagocytosis, the production
of ROS and nitric oxide, and upregulation of stress genes (Canesi et al. 2010a; Ciacci et al.
2012). Further, Abbot Chalew et al. (2012) noted reduced phagocytic ability in the hemocytes of
the eastern oyster, Crassostrea virginica, when the hemocytes were exposed to TiO2 NPs, in
vitro.
The purpose of this study is to determine the effects of a range of TiO2 particles on the
hemocytes of the eastern oyster, Crassostrea virginica. Hemocytes were exposed, in vitro, to
bulk TiO2 particles (rutile and anatase), uncoated TiO2 (anatase) NPs, and a surface-treated TiO2
(rutile) nanocomposite at different concentrations and durations of time under dark conditions.
As is the case with much of the TiO2 produced, the particles included in this study are used as
whiteners in food or as sunblock in personal care products (Weir et al. 2012;
www.sachtleben.de/index.php?id=379). Flow cytometric analysis was used to quantify hemocyte
viability, impedance to phagocytosis, and the production of ROS (Hégaret et al. 2003a and
2003b). The results of these immunological-response assays will be used as base-line data to
establish the effects of NPs on bivalve hemocytes, and serve as a core set of biomarkers
indicative of nanoparticle-induced stress.

2. Materials and Methods

2.1 Nanoparticles and Stock Preparation
Bulk TiO2 (rutile and anatase) particles were obtained from Sigma Aldrich (99.9% and
99.8% pure, respectively; hereafter referred to as bulk rutile and bulk anatase). The bulk TiO2
particles were used in the experiments as a control for particle size, and allowed for comparisons
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of the effects of nano-sized TiO2 to the larger bulk titanium particles. UV-Titan M212, a surfacecoated TiO2 nanoparticle, was obtained from Sachtleben Pigments Oy (93% rutile TiO2, 6%
Al2O3, and 1% glycerin; hereafter referred to as Titan NPs). The bulk rutile particles are the best
approximation of a control for the Titan NPs as a bulk rutile particle with an alumina oxide and
glycerin coating does not exist. TiO2 (anatase) NPs were obtained from Meliorum Technologies
(99.9% pure; hereafter referred to as anatase NPs). Stock solutions were prepared by suspending
the TiO2 particles in MQ-water at a concentration of 250 mg/L. The stock suspension was placed
on a stir plate and subjected to ultrasonication (Fisher Scientific FB-505) at 20% (13.8 Watts) for
30 minutes (modified from Wang et al. 2009).

2.2 Maintenance and Preparation of the Animals
Oysters (ca. 4-6 cm in shell height) were maintained in lantern nets suspended from
floating docks next to the laboratory (18-20 °C, 28.5 ppt). Animals were allowed to acclimate for
a minimum of one week prior to experimentation. All fouling organisms and sediment were
cleaned from the shells, and a notch was cut in the dorsal-posterior edge of the shell. A 22-gauge
needle attached to a 5-mL syringe was inserted through the notch and into the adductor muscle,
and 1.5 mL of hemolymph was withdrawn (adapted from Hégaret et al. 2003a). A few
microliters were spotted on a microscope slide, and the hemolymph was examined under a
compound light microscope for the presence of viable granulocytes. Shell debris, if present, was
removed by passing the hemolymph through a 53-µm mesh into a 2.0-mL Eppendorf tube. The
hemolymph was stored on crushed ice to reduce clumping until it was ready to be used.
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2.3 Nanoparticle Exposure
Hemolymph was placed into 5-mL flow cytometry tubes (Falcon, BD BioSciences, San
Jose, CA) in aliquots of 350 µL, followed by one of the aforementioned particle types (bulk
rutile, bulk anatase, Titan NPs, and anatase NPs) at concentrations of 0, 0.1, 0.5, 1.0, and 5.0
mg/L. Cells from each animal were exposed to all concentrations making this experiment a
repeated measures analysis. The culture tubes were divided into two sets and placed in the dark.
The first set of samples was allowed to incubate for two hours while the second set incubated for
four hours at room temperature (ca. 20° C). Controls consisted of hemocytes incubated in only
phosphate buffered saline (PBS) for two- and four-hour durations in the dark.

2.4 Flow Cytometry
The effects of nanoparticle exposure on oyster hemocytes were assessed using the
cellular viability, phagocytosis, and ROS assays. All samples were analyzed using a FACScan
flow cytometer (Becton Dickinson Biosciences; San Jose, CA), and quantified with the WinMDI
2.8 software package.

2.4.1 Cellular Viability Assay
The cellular viability assay measured the number of living hemocytes present following
exposure to the TiO2 particles. Briefly, 300 μL of 0.2-μm filtered seawater was combined with 4
μL of SYBR green, 4 μL of propidium iodide, and 100 μL of the hemocyte-TiO2 suspension. The
samples were then incubated for one hour at room temperature (ca. 20° C) in the dark. Living
hemocytes were identified by characteristic SYBR green fluorescence (modified from Hégaret et
al. 2003a).
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2.4.2 Phagocytosis Assay
The phagocytosis assay measured the percentage of highly-phagocytic cells present in the
hemolymph following exposure to TiO2 particles. Briefly, 150 μL of 0.2-μm filtered seawater
was combined with a 30-μL suspension of fluorescent microspheres (1 x 107 beads/mL;
Polysciences Fluoresbrite YG Microspheres, 2 µm) and 150 μL of the hemocytes-TiO2
suspension. The samples were then incubated for two hours at room temperature (ca. 20° C) in
the dark. In order to eliminate the possibility of false positives due to the adherence of
fluorescent beads to the cell membrane, the presence of three or more fluorescent beads in each
hemocyte was used as the criterion to categorize a hemocyte as “highly-phagocytic” (modified
from Hégaret et al. 2003b).

2.4.3 Reactive Oxygen Species (ROS) Assay
The ROS assay was used to measure the amount of ROS production in the hemocytes
following exposure to TiO2 particles. Briefly, 300 μL of 0.2-μm filtered seawater was combined
with 4 μL of 2ʹ,7ʹ-dichlorofluorescein diacetate (DCFH-DA) and 100 μL of the hemocyte-TiO2
suspension. The samples were then incubated for two hours at room temperature (ca. 20° C) in
the dark. The production of ROS in the hemocytes was measured by detecting the presence of
fluorescent 2ʹ,7ʹ-dichlorofluorescein (DCF; modified from Hégaret et al. 2003b).

2.4.4 Percentages and Sizes of Granular Hemocytes
Using the data from the cellular viability assays, the number of granular hemocytes was
determined as a percentage of the total number of hemocytes present in the forward scatter
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(FSC)-side scatter (SSC) plots, and the size of the granular hemocytes was identified as the mean
of the FSC.

2.5 Statistics
Hemolymph was collected from the oysters during different times of the year (June and
October), and as a result, differences due to seasonality were observed. Several previously
published studies indicate that seasonality may have affected the response of bivalve hemocytes
to ambient contaminants (Pipe et al. 1995; Fisher et al. 2000; Oliver et al. 2001). To reduce the
effects of seasonality, the data were normalized by dividing each value by the mean of the 0
mg/L control, thereby establishing a derived variable (index). After normalizing the data, the 0
mg/L control has a value of 1, and the other data are expressed as an index of variation from the
control. Animals having greater than 20% mortality in their hemocytes were presumed to be
diseased and removed from the data set.
A mixed model, two-way repeated measures analysis of variance (ANOVA) was used to
compare the fixed effects (the different particle types and concentrations) and the random effects
(the individual animals) on the viability, phagocytic potential, and ROS production of oyster
hemocytes. Following ANOVA analyses, a Tukey's HSD post-hoc test was applied to examine
differences between levels of the independent variables and interaction effects. Prior to statistical
analyses, data were assessed for homoscedasticity and normality. Data sets that did not meet the
underlying assumptions were transformed by means of a natural-log transformation.
One-sample t-tests (hypothesized mean set to 1; see explanation above) were used to
demonstrate whether or not exposure to the TiO2 particles resulted in significant changes in
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hemocyte viability, phagocytosis, and ROS production. In all tests, an alpha level of 0.05 was
used.
A mixed model, two-way repeated measures analysis of variance (ANOVA) was also
used to compare the fixed effects (the different times and concentrations) and the random effects
(the individual animals) on the percentage and the size of granular hemocytes present. Following
ANOVA analyses, a Tukey's HSD post-hoc test was applied to examine the differences between
the levels of the independent variables and interaction effects. Prior to statistical analyses, data
were assessed for homoscedasticity and normality, and were found to meet both underlying
assumptions.

3. Results

3.1 Viability of the Oyster Hemocytes
Data analysis of the viability of hemocytes exposed to bulk rutile particles and Titan NPs
for two hours indicated no significant particle or concentration effects, and no significant
interaction effect between these two independent variables (two-way repeated measures
ANOVA; Table 1A). One-sample t-tests indicated that the hemocyte viability significantly
decreased following exposure to bulk rutile particles at a concentration of 1.0 mg/L when
compared with the control (Fig. 1A). Viability of hemocytes exposed to bulk rutile particles and
Titan NPs for four hours indicated a significant particle effect, a significant concentration effect,
and no significant interaction effect between these two independent variables (two-way repeated
measures ANOVA; Table 1A). Pairwise comparisons indicated that the viability of the
hemocytes exposed to bulk rutile particles at 5.0 mg/L was significantly different than that of the
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hemocytes exposed to Titan NPs at 5.0 mg/L (Tukey's, p < 0.05). One-sample t-tests indicated
that exposure to the bulk rutile particles at concentrations of 0.5 and 1.0 mg/L resulted in
significantly more living hemocytes when compared with the control, whereas exposure to the
bulk rutile and Titan NPs at 5.0 mg/L resulted in a significant decrease in the viability of the
hemocytes when compared with the control (Fig. 1B).
A significant particle effect, no concentration effect, and a significant interaction effect
were observed in the viability of hemocytes exposed to bulk anatase particles and anatase NPs
for two hours (two-way repeated measures ANOVA; Table 1A). Pairwise comparisons showed
significant differences in the viability of the hemocytes exposed to bulk anatase and anatase NPs
at concentrations of 0.1, 0.5, and 5.0 mg/L (Tukey's, p < 0.05). One-sample t-tests demonstrated
that the bulk anatase particles at a concentration of 0.1 and 5.0 mg/L demonstrated significantly
more living hemocytes than the control, whereas exposure to anatase NPs at a concentration of
0.5 and 5.0 mg/L significantly decreased the viability of the hemocytes when compared to the
control (Fig. 2A). Data analysis of the viability of hemocytes exposed to bulk anatase particles
and anatase NPs for four hours indicated no significant particle or concentration effects, and no
significant interaction effect between these two independent variables (two-way repeated
measures ANOVA; Table 1A). One-sample t-tests indicated no significant differences in cellular
viability following a four-hour exposure to bulk anatase and anatase NPs when compared to the
control (Fig. 2B).

3.2 Phagocytosis in Oyster Hemocytes
No significant particle effect, a significant concentration effect, and no significant
interaction effect were observed in the phagocytic ability of hemocytes exposed to bulk rutile
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particles and Titan NPs for two hours (two-way repeated measures ANOVA; Table 1B).
Pairwise comparisons showed that the phagocytic ability of the hemocytes exposed to bulk rutile
and Titan NPs was significantly different at 5.0 mg/L (Tukey's, p < 0.05). One-sample t-tests
indicated that hemocytes exposed to Titan NPs at a concentration of 5.0 mg/L resulted in a
significant increase in phagocytosis when compared with the control (Fig. 3A). Data analysis of
the phagocytic ability of hemocytes exposed to bulk rutile particles and Titan NPs for four hours
found no significant particle effect, a significant concentration effect, and no significant
interaction effect between these two independent variables (two-way repeated measures
ANOVA; Table 1B). Pairwise comparisons demonstrated that the phagocytic ability of the
hemocytes exposed to bulk rutile particles at 5.0 mg/L was significantly different than that of the
hemocytes exposed to Titan NPs at 5.0 mg/L (Tukey's, p < 0.05). In addition, one-sample t-tests
showed that exposure to Titan NPs at concentration of 0.5 mg/L resulted in a significant increase
in phagocytosis, whereas exposure to Titan NPs at 5.0 mg/L resulted in a significant decrease in
phagocytosis (Fig. 3B).
The phagocytic ability of hemocytes exposed to bulk anatase particles and anatase NPs
for two hours indicated no significant particle effect, a significant concentration effect, and a
significant interaction effect between these two independent variables (two-way repeated
measures ANOVA; Table 1B). Pairwise comparisons found that the phagocytic ability of the
hemocytes exposed to bulk anatase and anatase NPs was significantly different at 5.0 mg/L
(Tukey's, p < 0.05). Analysis using one-sample t-tests showed significantly increased
phagocytosis in the hemocytes exposed to bulk anatase particles at a concentration of 5.0 mg/L
(Fig. 4A). No significant particle effect, a significant concentration effect, and no significant
interaction effect was found in the phagocytic ability of hemocytes exposed to bulk anatase
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particles and anatase NPs for four hours (two-way repeated measures ANOVA; Table 1B). Onesample t-tests demonstrated that hemocytes exposed to anatase NPs at a concentration of 5.0
mg/L had a significant increase in phagocytosis when compared with the control (Fig. 4B).

3.3 Production of ROS in Oyster Hemocytes
The production of ROS in hemocytes exposed to bulk rutile particles and Titan NPs for
two hours indicated no significant particle effect, a significant concentration effect, and no
significant interaction effect between these two independent variables (two-way repeated
measures ANOVA; Table 1C). Further, hemocytes exposed to bulk rutile particles and Titan NPs
at concentration of 5.0 mg/L had significant decreases in ROS production when compared with
the control (one-sample t-tests; Fig. 5A). Two-way repeated measures ANOVA found significant
particle, concentration, and interaction effects in the production of ROS when hemocytes were
exposed to bulk rutile particles and Titan NPs for four hours (Table 1C). Pairwise comparisons
indicated that the production of ROS was significantly different in hemocytes exposed to bulk
rutile particles and Titan NPs at concentrations of 0.1, 0.5, and 1.0 mg/L (Tukey's, p < 0.05).
One-sample t-tests found that exposure to Titan NPs at concentrations of 0.1, 0.5, and 1.0 mg/L
resulted in a significant increases in ROS production, whereas exposure to bulk rutile particles
and Titan NPs at 5.0 mg/L resulted in a significant decrease in ROS production (Fig. 5B).
Data analysis of the production of ROS in hemocytes exposed to bulk anatase particles
and anatase NPs for two hours indicated no significant particle effect, a significant concentration
effect, and a significant interaction effect between these two independent variables (two-way
repeated measures ANOVA; Table 1C). Pairwise comparisons showed that the production of
ROS in hemocytes exposed to bulk anatase and anatase NPs was significantly different at a
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concentration of 5.0 mg/L (Tukey's, p < 0.05). In addition, bulk anatase particles and anatase
NPs at a concentration of 5.0 mg/L significantly decreased ROS production in the hemocytes
when compared with the control (one-sample t-tests; Fig. 6A). No significant particle effect, a
significant concentration effect, and a significant interaction effect were observed in the ROS
production of hemocytes exposed to bulk anatase particles and anatase NPs for four hours (twoway repeated measures ANOVA; Table 1C). Pairwise comparisons indicated that ROS
production was significantly different in hemocytes exposed to bulk anatase particles and anatase
NPs at concentrations of 0.1, 1.0, and 5.0 mg/L (Tukey's, p < 0.05). Furthermore, one-sample ttests showed that the anatase NPs at concentrations of 0.1, 0.5, and 1.0 mg/L significantly
increased ROS production in the hemocytes, whereas bulk anatase particles and anatase NPs at a
concentration of 5.0 mg/L significantly decreased ROS (Fig. 6B).

3.4 Percentages and Sizes of Granular Hemocytes
Data analysis of the percentage of granular hemocytes present following exposure to
TiO2 particles at concentrations of 0, 0.1, 0.5, 1.0, and 5.0 mg/L over time intervals of two and
four hours indicated no significant time or interactions effects, however, a significant
concentration effect was detected (two-way repeated measures ANOVA; Fig. 7A). Pairwise
comparisons showed the percentage of granular hemocytes present at a concentration of 5.0
mg/L was significantly greater than the percentage of granular hemocytes in the control, as well
as the 0.1, 0.5, and 1.0 mg/L samples at both time periods (Tukey’s, p < 0.05). No significant
differences in the percentage of granular hemocytes present in the 0.1, 0.5, and 1.0 mg/L samples
and the control were detected (p > 0.1).
In addition, data analysis of the size of the granular hemocytes exposed to TiO2 particles
at concentrations of 0, 0.1, 0.5, 1.0, and 5.0 mg/L over time intervals of two and four hours
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indicated no significant time or interactions effects, however, a significant concentration effect
was detected (two-way repeated measures ANOVA; Fig. 7B). Pairwise comparisons showed the
size of granular hemocytes present at concentration of 5.0 mg/L was significantly smaller than
the size of granular hemocytes in the control, 0.1, 0.5, and 1.0 mg/L samples at both time periods
(p < 0.05). No significant differences in the size of granular hemocytes present in the 0.1, 0.5,
and 1.0 mg/L samples and the control were detected (p > 0.1).
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Table 1: Results of two-way repeated measures analysis of variance on oyster hemocytes for (A)
viability, (B) phagocytosis, and (C) ROS production following exposure to bulk rutile, Titan
NPs, bulk anatase, and anatase NPs. In each of three assays (viability, phagocytosis, and ROS
production), the cellular effects following exposure were compared over two time intervals (2
and 4 hours) and four concentrations (0.1, 0.5, 1.0, and 5.0 mg/L). BR: Bulk Rutile, BA: Bulk
Anatase.
(A) Viability
Source

df

MS

F

p

2-hr BR and Titan NPs
Particle
Concentration
Particle x Concentration
Error

1
3
3
52

0.006
0.002
0.001
0.002

2.397
0.690
0.471

0.138
0.563
0.704

4-hr BR and Titan NPs
Particle
Concentration
Particle x Concentration
Error

1
3
3
49

0.011
0.016
0.002
0.146

5.846
10.26
1.431

0.027
0.000
0.245

2-hr BA and Anatase NPs
Particle
Concentration
Particle x Concentration
Error

1
3
3
58

0.077
0.003
0.005
0.002

22.18
1.696
3.068

0.000
0.178
0.035

4-hr BA and Anatase NPs
Particle
Concentration
Particle x Concentration
Error

1
3
3
54

0.002
0.002
0.001
0.001

0.436
1.639
0.498

0.517
0.191
0.685
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(B) Phagocytosis
Source

df

MS

F

p

2-hr BR and Titan NPs
Particle
Concentration
Particle x Concentration
Error

1
3
3
52

0.134
0.115
0.039
0.017

3.242
6.977
2.330

0.088
0.000
0.085

4-hr BR and Titan NPs
Particle
Concentration
Particle x Concentration
Error

1
3
3
49

0.138
0.199
0.104
0.412

1.049
4.815
2.525

0.320
0.005
0.068

2-hr BA and Anatase NPs
Particle
Concentration
Particle x Concentration
Error

1
3
3
58

0.074
0.146
0.280
0.015

0.663
9.891
19.04

0.425
0.000
0.000

4-hr BA and Anatase NPs
Particle
Concentration
Particle x Concentration
Error

1
3
3
54

0.370
0.267
0.085
0.031

0.424
8.625
2.743

0.523
0.000
0.052
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(C) ROS
Source

df

MS

F

p

2-hr BR and Titan NPs
Particle
Concentration
Particle x Concentration
Error

1
3
3
52

0.010
3.293
0.006
0.029

0.518
114.3
0.218

0.481
0.000
0.883

4-hr BR and Titan NPs
Particle
Concentration
Particle x Concentration
Error

1
3
3
49

0.972
3.887
0.048
0.015

18.00
256.0
3.190

0.000
0.000
0.032

2-hr BA and Anatase NPs
Particle
Concentration
Particle x Concentration
Error

1
3
3
58

0.131
0.547
0.242
0.012

1.692
44.52
19.68

0.208
0.000
0.000

4-hr BA and Anatase NPs
Particle
Concentration
Particle x Concentration
Error

1
3
3
54

0.031
0.569
0.329
0.008

0.428
67.28
38.86

0.521
0.000
0.000
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Figure 1: Viability of oyster hemocytes following (A) a two-hour exposure, and (B) a four-hour
exposure to bulk rutile particles and Titan NPs. The dashed-line represents the mean of the
control, and asterisks indicate significant changes in viability compared to the control. Capital
letters denote differences in concentration, whereas lower case letters show differences among
particles. Bars designated by different letters are significantly different at p < 0.05. Data are
means ± standard error (n = 8-12).
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Figure 2: Viability of oyster hemocytes following (A) a two-hour exposure, and (B) a four-hour
exposure to bulk anatase particles and anatase NPs. The dashed-line represents the mean of the
control, and asterisks indicate significant changes in viability compared to the control. Capital
letters denote differences in concentration, whereas lower case letters show differences among
particles. Bars designated by different letters are significantly different at p < 0.05. Data are
means ± standard error (n = 8-12).
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Figure 3: Phagocytosis of oyster hemocytes following (A) a two-hour exposure, and (B) a fourhour exposure to bulk rutile particles and Titan NPs. The dashed-line represents the mean of the
control, and asterisks indicate significant changes in phagocytosis compared to the control.
Capital letters denote differences in concentration, whereas lower case letters show differences
among particles. Bars designated by different letters are significantly different at p < 0.05. Data
are means ± standard error (n = 8-12).
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Figure 4: Phagocytosis of oyster hemocytes following (A) a two-hour exposure, and (B) a fourhour exposure to bulk anatase particles and anatase NPs. The dashed-line represents the mean of
the control, and asterisks indicate significant changes in phagocytosis compared to the control.
Capital letters denote differences in concentration, whereas lower case letters show differences
among particles. Bars designated by different letters are significantly different at p < 0.05. Data
are means ± standard error (n = 8-12).
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Figure 5: ROS production in oyster hemocytes following (A) a two-hour exposure, and (B) a
four-hour exposure to bulk rutile particles and Titan NPs. The dashed-line represents the mean of
the control, and asterisks indicate significant changes in ROS production compared to the
control. Capital letters denote differences in concentration, whereas lower case letters show
differences among particles. Bars designated by different letters are significantly different at p <
0.05. Data are means ± standard error (n = 8-12).
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Figure 6: ROS production in oyster hemocytes following (A) a two-hour exposure, and (B) a
four-hour exposure to bulk anatase particles and anatase NPs. The dashed-line represents the
mean of the control, and asterisks indicate significant changes in ROS production compared to
the control. Capital letters denote differences in concentration, whereas lower case letters show
differences among particles. Bars designated by different letters are significantly different at p <
0.05. Data are means ± standard error (n = 8-12).
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Figure 7: (A) The percentage, and (B) the size of granular hemocytes at five different
concentrations of Titan NPs over time. The trend in the percentage and size of granular
hemocytes exposed to Titan NPs is representative of the trends observed in the other three types
of NPs tested in this study. Bars designated by different letters are significantly different at p <
0.05. Data are means ± standard error (n = 8-12).
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4. Discussion

Upon entering marine and freshwater ecosystems, anthropogenic nanomaterials will be
rapidly diluted, thereby exposing organismal populations to sublethal concentrations of the
particles (Boxall et al. 2007; Handy et al. 2008; Klaper et al. 2008). As a result, there is a greater
need to use highly specialized biomarker assays to quantify the sublethal effects of NPs at
environmentally relevant concentrations (De Coen and Janssen 1997; De Coen et al. 2001;
Klaper et al. 2008; Canesi et al. 2012). This study employed three immunotoxicological
biomarker assays, hemocyte viability, phagocytosis, and ROS production, to examine the in vitro
effects of bulk and nanoparticulate TiO2 on oyster hemocytes. Results indicate that exposure to
bulk and nanoparticulate TiO2 caused slight but significant changes in oyster hemocyte viability,
however, the significant changes in phagocytosis and ROS production were more prominent.
The bulk and nanoparticulate TiO2 used in this study had minimal significant effect on
the cellular viability of oyster hemocytes. For example, in the two- and four-hour exposures to
bulk rutile and Titan NPs, significant decreases in viability were observed at 0.5, 1.0, and 5.0
mg/L. At each of these exposure concentrations, the mean percentage of living hemocytes
exposed to TiO2 particles ranged from approximately 88% to 96%, whereas the control
hemocytes demonstrated a viability that ranged from 92% to 97%. Similarly, hemocytes exposed
to bulk anatase and anatase NPs demonstrated significant changes in viability after two hours.
Again, the mean percentage of living hemocytes exposed to TiO2 particles ranged from
approximately 88% to 94%, whereas the control hemocytes had viabilities ranging from 91% to
95%. The percentages of living hemocytes observed in our studies are consistent with those
reported previously (Anderson 1994; Anderson et al. 1994; Hégaret et al. 2011; Croxton et al.
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2012), and do not vary greatly from the percentages of living hemocytes observed in the
unexposed controls. Additionally, a significant decrease in hemocyte viability is noted after a
two-hour exposure to bulk rutile particles at 1.0 mg/L, yet no change is noted at 5.0 mg/L. A
similar trend was observed in oyster hemocytes exposed to bulk anatase particles and anatase
NPs for two hours. The results of both of these tests are counterintuitive, and suggest the changes
that did occur in hemocyte viability are more than likely due to inherent biological variation
rather than exposure to TiO2.
In contrast, the effects observed after a four-hour exposure to bulk rutile particles and
Titan NPs suggest concentration, as well as time, are influencing hemocyte viability. For
example, significantly more hemocytes were living after exposure to the bulk rutile particles at
0.5 and 1.0 mg/L when compared with the control, while exposures to 5.0 mg/L caused a
significant decrease in hemocyte viability. Although not significant, there is a slight increase in
phagocytosis of bulk rutile particles at concentrations of 0.5 and 1.0 mg/L. This increased
phagocytosis may have compartmentalized some of the bulk rutile particles thereby protecting
the surrounding cells from exposure and causing slightly higher cellular viabilities. Similar
increases in hemocyte activities such as phagocytosis, in vitro, have been reported during
exposures to low concentrations of metals as an attempt to mitigate the toxic effects of ambient
contaminants (Larson et al. 1989; Fisher et al., 1990; Anderson et al., 1994; Oliver et al. 2001;
Sauvé et al. 2002). Furthermore, the compartmentalization of metals by oyster hemocytes has
been shown to isolate potentially toxic metals from surrounding tissues (George et al. 1978).
Exposure to 5.0 mg/L of both bulk rutile and Titan NPs after four hours, however, seems to
represent a threshold for toxicity, as hemocytes at this concentration demonstrated decreased
viability. Previous work exposing bivalve hemocytes to cadmium, mercury, silver, and zinc
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demonstrated no change in viability at concentrations ranging from hundreds of parts per trillion
to low parts per million, however, when concentrations were increased to tens of parts per
million, rapid hemocyte mortality was observed (Sauvé et al. 2002). In addition, in vitro
exposures to copper at concentrations ranging from 0.2 to 2.5 mg/L resulted in a significant
decrease in the viability of oyster hemocytes (Anderson et al. 1994). In comparison to other
metal oxide NPs, TiO2 demonstrates an intermediate level of toxicity (Adams et al. 2006; Wang
et al. 2009; Canesi et al. 2010b; Ciacci et al. 2012). These data suggest that the viability of
bivalve hemocytes following exposure to metals is predicated on concentration as well as
particle type.
At the two-hour time interval, only oyster hemocytes exposed to bulk anatase particles
and Titan NPs at a concentration of 5.0 mg/L exhibited a significant increase in phagocytosis. A
significant increase in phagocytosis at these concentrations can be attributed to enhanced
encounter between the hemocytes and the TiO2 as a result of the higher concentrations.
Interestingly, significant increases in phagocytosis occurred even though the concentrations of
TiO2 were notably higher. One explanation is that bulk TiO2 particles are considered non-toxic to
biological systems (Hoffman et al. 1995; Shafi et al. 2001; Gurr et al. 2005). Another reason is
that Titan NPs are nanocomposites used in sunscreens to absorb UVA and UVB radiation (see
www.sachtleben.de/index.php?id=379). As a nanocomposite, Titan NPs are coated with
aluminum oxide and glycerol as a means of mitigating the inherent photocatalytic effects upon
exposure

to

sunlight,

and

ensuring

safe

use

in

personal

care

products

(www.sachtleben.de/fileadmin/safety_data_sheets/uvtitan__m212_us.pdf; SCCP 2007; Serpone
et al. 2007; Ukmar et al. 2009). As a result, the elevated concentrations of Titan NPs were not
toxic and did not interfere with the hemocytes ability to phagocytize the particles.
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The ability of the hemocytes to undergo phagocytosis changed at the four-hour
exposures. When the hemocytes were incubated with Titan NPs, a significant increase in
phagocytosis occurred at 0.5 mg/L and a significant decrease in phagocytosis was observed at
5.0 mg/L. Additionally, an increasing trend, although not significant, is apparent in the 0.1 to 0.5
mg/L concentrations in both bulk rutile and Titan NPs. An increase in phagocytosis at low
concentrations followed by a decrease at higher concentrations has been observed previously in
bivalve hemocytes. For example, polycyclic aromatic hydrocarbons (PAHs; Croxton et al. 2012),
cadmium (Coles et al. 1995; Sauvé et al. 2002), TiO2 NPs (Ciacci et al. 2012), mercury,
methylmercury, and zinc (Sauvé et al. 2002) were all found to induce an initial increase in
phagocytosis at low concentrations with higher concentrations causing a decrease in phagocytic
ability in the hemocytes of various bivalve species. The four-hour exposure to bulk anatase and
anatase NPs shows an overall decrease in phagocytosis when compared with the two-hour
treatment. A decrease in function over time has been observed in previous in vitro studies
involving bivalve hemocytes (Cima et al. 1999; Ciacci et al. 2012), and four hours is recognized
as approaching the upper limits for hemocyte viability when conducting in vitro assays (Gary H.
Wikfors, personal communication). A calculation of the number of anatase NPs present in the
0.1 to 5.0 mg/L treatments ranges from 1013 to 1015 particles, respectively. Generally, the
accepted minimum ratio for particle encounter and phagocytosis to occur is approximately
fifteen particles to every one hemocyte (Cima et al. 2000; Lambert et al. 2003). The number of
anatase NPs in our treatments is quite high, which may have caused the hemocytes to reach a
saturation threshold resulting in a subsequent decrease in phagocytosis.
The production of ROS in oyster hemocytes showed similar trends when comparing the
two- and four-hour exposures to both bulk and nanoparticulate TiO2. For example at two hours,

131

hemocytes exposed to both bulk and nanoparticulate TiO2 demonstrated no significant changes
in ROS production from 0.1 to 0.5 mg/L, while hemocytes exposed to bulk and nanoparticulate
TiO2 at 5.0 mg/L had significantly decreased ROS production. After four hours, the
nanoparticulate TiO2 at 0.1 to 0.5 mg/L caused significantly increased ROS production, while
hemocytes exposed to both bulk and nanoparticulate TiO2 at 5.0 mg/L demonstrated significantly
less ROS production. Several studies have previously reported similar trends showing a dosedependent decrease in ROS production when bivalve hemocytes are exposed to xenobiotics
(Anderson et al. 1994; Donaghy et al. 2012). Other works, however, found either no change in
the level of ROS production in bivalve hemocytes exposed to xenobiotics (Coles et al. 1995;
Croxton et al. 2012), or a significant increase in ROS production following hemocyte exposure
to toxicants (Canesi et al. 2008; Canesi et al. 2010a; Ciacci et al. 2012). Taken as a whole, these
findings suggest the production of ROS in bivalve hemocytes exposed to xenobiotics may be a
cumulative effect based on several interrelated factors such as bivalve species, time of exposure,
the pollutant encountered, and the concentration of the pollutant.
The percentage and the size of the granular hemocytes present at specific times and
concentrations of TiO2 particles correspond to changes in the amount of phagocytosis and the
production of ROS observed in these studies. For example after two hours of exposure to TiO2
NPs, no significant differences were observed between the percentage of granular hemocytes in
the control and the 0.1 to 1.0 mg/L concentrations. This trend was also seen in the amount of
phagocytosis and the size of the granular cells at the aforementioned concentrations. At a
concentration of 5.0 mg/L, however, the percentage of granular hemocytes significantly
increased. Granular hemocytes are primarily associated with phagocytosis in bivalves (Hégaret et
al. 2003b), and the significant increase in the percentage of granular hemocytes and phagocytosis
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at 5.0 mg/L suggest the hemocytes were attempting to encapsulate and eliminate the TiO2
particles (Anderson 1988). After four hours of exposure to TiO2 NPs, a significant decrease was
observed in the size of granular hemocytes exposed to TiO2 particles at a concentration of 5.0
mg/L. This decrease in the size of the granular hemocytes at 5.0 mg/L was associated with
decreases in the amount of phagocytosis and the production of ROS at the same concentration.
Previously published works have shown that exposure to anthropogenic contaminants caused a
reduction in phagocytosis (Cima et al. 1999; Sauve et al. 2002; Ciacci et al. 2012) and the
production of ROS (Anderson et al. 1994; Donaghy et al. 2012) in hemocytes. In general, the
data indicate a greater percentage of granular hemocytes were present, and the cells initiated
phagocytosis and released ROS in an attempt to eliminate the TiO2 NPs at high concentrations.
Following phagocytosis and the production of ROS, the granular hemocytes began to undergo
apoptosis, which was distinguished by a decrease in the overall size of the cells (Vaux and
Korsmeyer 1999; Nagata 2000).
Anthropogenic contaminants are only one factor believed to affect bivalve immunity. For
example, NPs have been reported to interact with other ambient pollutants causing enhanced
bioaccumulation (Sun et al. 2007; Zhang et al. 2007) and damage to proteins (Tedesco et al.
2010). In addition, exposure to anthropogenic contaminants in aquatic systems has been shown
to suppress the immune system making bivalves more susceptible to infection by pathogenic
protists and bacteria such as Perkinsus marinus and Vibrio tubiashi, respectively (Chu and Hale
1994; Pipe and Coles 1995; Fisher et al. 1999). The response of the bivalve immune system
seems to be influenced by a confluence of external factors with anthropogenic contaminants
potentially exacerbating other threats. Future studies need to be conducted addressing the effects
of manufactured nanomaterials on the immune responses of bivalves using a multifaceted threat.
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5. Conclusion

This study examined the effects of bulk and nanoparticulate TiO2 on oyster hemocyte
viability, phagocytosis, and ROS production in dark conditions at two- and four-hour time
exposures. The overall results found that hemocyte viability remained relatively stable following
exposure to both bulk and nanoparticulate TiO2. In addition, the ability of oyster hemocytes to
undergo phagocytosis and produce ROS was significantly changed as a result of both
concentration and time dependent effects.
While these data highlight similar trends to previously published studies regarding the
response of oyster hemocytes to a potential anthropogenic contaminant, further work is
warranted. Studies are required to address the effects of TiO2 on hemocyte viability,
phagocytosis, and ROS production following chronic, in vivo exposures as a complement to the
acute, in vitro experiments presented in this study. Furthermore, the experiments detailed in this
work should be repeated under light exposures to test the photocatalytic effects of TiO2 on
hemocyte viability, phagocytosis, and ROS production. Other factors that cause stress in bivalves
and activate the immune system such as changes in temperature, food availability, and parasitic
infection should also be considered when analyzing subsequent results. Experiments that adhere
to environmentally relevant conditions and concentrations will provide a more accurate
assessment of the effects of xenobiotics on bivalve immunity.
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1. Introduction

Nanoparticulate material found in the environment can be traced to both natural and
anthropogenic point sources. The vast majority of naturally derived nanoparticles (NPs) are
formed by physicochemical weathering, volcanic activity, and combustion. Of these three natural
sources, weathering has been estimated to produce 109 metric tons of dust per annum (Hochella
and Madden 2005; Kellogg and Griffin 2006), which is much greater than the mass produced by
both volcanic activity and combustion, combined (Hochella and Madden 2005). Concentrations
of nanosized particulate material in the atmosphere are estimated to be 1,500 particles/cm3
(d’Almeida and Schütz 1983), and analyses have demonstrated that much of the atmospheric
dust is composed of weathered terrestrial minerals such as oxides, clays, and alumino silicates
less than 50 nm in size (Nowack and Bucheli 2007; Hochella et al. 2008; Farré et al. 2009). In
addition to naturally derived NPs, the global production of manufactured NPs is estimated to
reach 10 to 105 tons per year by 2020, depending on the type of particle (Borm et al. 2006). With
applications in a diverse range of commercial goods including personal care products,
electronics, medicine, and building materials, it is certain that manufactured NPs are entering the
environment (Borm et al. 2006; Moore et al. 2006). As a result of runoff, riverine inputs, and
Aeolian deposition, the ultimate sink for both natural and anthropogenically-derived NPs is
aquatic environments (Moore 2002; Daughton 2004; Moore et al. 2004; Poulton and Raiswell
2005; Raiswell et al. 2006; Hochella et al. 2012).
For titanium dioxide (TiO2) NPs, production has steadily increased over time (Robichaud
et al. 2009). In the United States alone, estimates for the production of TiO2 NPs range as high as
2.5 million metric tons annually by the year 2025 (Robichaud et al. 2009). Mueller and Nowack
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(2008) estimated that the concentration of TiO2 NPs in aquatic environments were between 0.7
µg/L and 16 µg/L for realistic and high exposure scenarios, respectively. It should be noted,
however, that the aforementioned estimates were made in 2008, and represent end-use
concentrations of TiO2 NPs in Switzerland only (Robichaud et al. 2009). Currently, no reliable
method to detect TiO2 NPs in the aquatic environment has been developed. In contrast, the
concentration of naturally derived titanium is quite low in aquatic environments. For example,
Orians et al. (1990) estimate titanium to be 4 to 8 picomolar (~0.3 to 0.6 ng/L) at the ocean’s
surface, with concentrations increasing to lower nanomolar concentrations in estuarine
environments (Yokoi and van den Berg 1991; Skrabal et al. 1992; Skrabal 1995). Thus,
conservative estimates show that anthropogenic loads of TiO2 NPs in aquatic environments could
be three orders of magnitude higher than the concentration of naturally derived titanium.
Although natural particulate matter such as sea salt, volcanic dust, and combustion
products have existed for millennia, manufactured NPs have only been in the environment for a
relatively short period of time (Moore 2006; Handy et al. 2008). As a result, contact with
manufactured NPs, such as TiO2, has been shown to pose a toxicological threat to both vertebrate
and invertebrate organisms in the aquatic environment. For example, exposure to TiO2 NPs has
resulted in deleterious effects in vertebrates such as Onchorhyncus mykiss (rainbow trout; Vevers
and Jha 2008), Oryzias latipes (Japanese medaka; Ma et al. 2012), and Danio rerio (Zebrafish;
Bar-Ilan et al. 2013). In addition, the toxicity of TiO2 NPs has also been demonstrated in aquatic
invertebrates such as Daphnia magna (water flea; Adams et al. 2006; Hund-Rinke and Simon
2006; Lovern and Klaper 2006; Warheit et al. 2007; Ma et al. 2012), Arenicola marina
(lugworm; Galloway et al. 2010), Mytilus galloprovincialis (Mediterranean mussel; Canesi et al.
2010a; Ciacci et al. 2012), and Crassostrea virginica (eastern oyster; Abbott Chalew et al. 2012).
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With production of TiO2 NPs projected to escalate over the next decade (Robichaud et al. 2009),
organisms in coastal estuarine and marine environments will likely be exposed to increased
concentrations of TiO2 NPs. With that in mind, the goal of this research was to understand the
capture efficiency, ingestion and depuration, as well as the cellular effects of TiO2 NPs on two
species of suspension-feeding bivalves following an acute exposure. This chapter will examine
the ecological and toxicological relevance of this research, determine how this work fits in with
the existing literature, and identify key areas for future studies.

2. Behavior of Titanium Dioxide Nanoparticles in Three Aqueous Environments

Although the experiments examined the behavior of TiO2 NPs in three different types of
water (MQ-water, artificial seawater, and natural seawater), the behavior of TiO2 NPs in natural
seawater is the most environmentally relevant condition when trying to understand how marine
bivalves will encounter these particles. My results demonstrated that TiO2 NPs agglomerate
rapidly when added to natural seawater, which is consistent with previously published findings
(Christian et al. 2008; Handy et al. 2008; Vevers and Jha 2008; Tiede et al. 2009; Labille et al.
2010).
After immersion in natural seawater, the size of anatase NPs remained unchanged over a
72-hour exposure period. Similar results were found in a study by Sillanpää et al. (2011),
however the data presented by Sillanpää et al. (2011) is on the order of hours whereas my results
are on the order of days. Few, if any, data exist on the behavior of TiO2 NPs in natural seawater
over a 72-hour period so a true comparison of the similarities (or differences) of my findings
with previously published work is not possible at the present time. With that in mind, there is a
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need to extend the incubation times to understand what happens to TiO2 NPs in natural
environmental matrices such as seawater.
One particularly interesting example of how agglomerations of TiO2 NPs may change in
natural seawater was observed with Titan NPs. After 72 hours in natural seawater,
agglomerations of Titan NPs showed a significant decrease in size whereas anatase NPs did not.
This phenomenon was observed several times over the course of my experiments, yet data in the
literature indicate that the conditions used in my experiments were not sufficient to cause
dissolution of TiO2 NPs. For example, TiO2 nanoparticles do demonstrate solubility in aqueous
salt solutions, however, the dissolution was observed at higher temperatures and a lower pH
values than were used in this study (Schmidt and Vogelsberger 2006). Although a sound
explanation has not been offered, further investigation suggests bacterial activity may account
for at least some of the change in the size of the agglomerations. Preliminary experiments found
high bacterial growth in suspensions of Titan NPs and seawater, which suggest the bacteria are
present and may be using the glycerin coating as a source of carbon (Sher et al. 2004; Paulo da
Silva et al. 2009; Shrivastav et al. 2010). As the bacteria continue to feed on the Titan NPs, the
agglomerations are being redistributed resulting in a decrease in the weighted average diameter
observed after 72 hours.
Experiments measuring the incorporation of TiO2 NPs into marine snow found that
anatase NPs demonstrated an incorporation rate of approximately 58%, whereas that of Titan
NPs was about 4%. Environmental factors such as season can affect the incorporation of
particles into marine snow (Alldredge et al. 1993; Passow 2002). During my experiments, natural
seawater was collected at different times of year, which may have led to variation in the percent
incorporation of the two types of nanoparticles. A simple method to eliminate the effects of
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seasonality on incorporation would be to collect natural seawater for the experiments during the
flood tide on a single day. Using water collected on the same day would eliminate the
confounding effects of seasonality and allow for closer examination of other factors that may
influence incorporation such as the surface characteristics of the nanoparticles. Although a
considerable difference in the incorporation rate of the two particle types exist, the fact that both
anatase and Titan NPs can be integrated into the organic matrix of marine snow indicates an
increase in the overall particle diameter. As particle diameter increases, so does the rate of
deposition (Stokes Law; Hill 1998; Waite et al. 2000), which will result in enhanced encounter
by benthic organisms such as suspension-feeding bivalves.
The results of the behavior experiments demonstrate that TiO2 NPs can not only be
incorporated into marine snow, but also agglomerate rapidly in natural seawater and are
considered recalcitrant in the natural environment. These findings indicate that upon immersion
in natural seawater, TiO2 NPs exist in a state that will enhance deposition to the benthos as well
as increase encounter by suspension-feeding bivalves. In the next section, the ingestion and
depuration experiments found that increased particle sizes led to more efficient capture of TiO2
NPs on the gills of suspension-feeding bivalves.

3. Ingestion and Depuration of Titanium Dioxide Nanoparticles in Mussels and Oysters

The exposure of Mytilus edulis (blue mussel) and Crassostrea virginica (eastern oyster)
to anatase NPs in these feeding experiments were conducted with high concentrations of NPs
(~5.0 mg/L) over relatively short periods of time (two hours). This exposure scenario is similar
to what would be experienced during an environmental spill of TiO2 NPs into the marine
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environment. Although environmental concentrations of TiO2 NPs are predicted to be
considerably lower (Mueller and Nowack 2008), there is a need to understand the effects of high
concentrations of anthropogenic contaminants on keystone species such as suspension-feeding
bivalves.
During the feeding experiments, mussels and oysters were exposed to TiO2 NPs at a
concentration of 5 mg/L either incorporated into marine snow, or freely-suspended (no marine
snow) for a period of two hours. The results of these experiments indicate that the form of
delivery of anatase TiO2 NPs (incorporated into marine snow or freely-suspended) did not affect
the ability of the animals to capture the particles. Previous studies have demonstrated that
particles with a diameter greater than 1.5 µm are captured by mussels and oysters with an
efficiency ranging from 50 to 75% (Ward and Shumway 2004). Data from the behavior studies
found that TiO2 nanoparticles incorporated into marine snow or freely-suspended in natural
seawater attained diameters ranging from half a micron to millimeters in size. Particles of this
size are well within the range required for capture on the bivalve gill. Further studies have shown
that a variety of different types of NPs, including TiO2, can be captured on the gill (Canesi et al.
2010b; Koehler et al. 2008; Montes et al. 2012; Tedesco et al. 2010).
Following capture, my data indicate that TiO2 NPs are removed quickly from the gill and
visceral mass of mussels and oysters with the bulk of the particles being depurated after
approximately 72 hours. Past work has shown that bivalves remove particles from the gill on the
order of minutes (Milke and Ward 2003). In the stomach, small, dense particles such as metal
oxide NPs will be moved quickly by the ciliary selection tracts to the intestine for elimination
(Brillant and MacDonald 2000; Brillant and MacDonald 2002; Reid 1965). These findings
suggest that anatase TiO2 NPs do not bioaccumulate in the tissues of mussels and oysters after an
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acute exposure of two hours. While the analytical techniques used in this research indicated
ingestion of the TiO2 NPs occurred, there was no evidence of the uptake of the NPs into the cells
of the gills or visceral masses. Further analysis using transmission electron microscopy (TEM) is
necessary to determine whether or not uptake of TiO2 NPs occurred.

4. Cellular Effects of Bulk and Nanoparticulate Titanium Dioxide on Oyster Hemocytes

The effects of four types of TiO2 particles (bulk rutile, bulk anatase, Titan NPs, and
anatase NPs) at five concentrations (0, 0.1, 0.5, 1.0, and 5.0 mg/L) were examined on the
viability, phagocytosis, and the production of reactive oxygen species (ROS) of oyster
hemocytes at two time intervals (two and four hours), in vitro. The results of these experiments
showed that exposure to TiO2 NPs had minimal effect on hemocyte viability. Increased viability
was observed in hemocytes at low concentrations while higher concentrations led to significant
decreases in viability following four-hour exposures to bulk rutile and Titan NPs. Previously
published work demonstrated similar findings in that bivalve hemocytes exposed to lower
concentrations of NPs showed greater viability, whereas higher concentrations resulted in cell
death (Larson et al., 1989; Fisher et al., 1990; Anderson et al., 1994). In addition, viability
seemed to be dependent upon the type of metal NPs to which the hemocytes were exposed
(Anderson et al., 1994; Sauvé et al. 2002).
At the two hour time interval, phagocytosis was significantly higher in hemocytes
exposed to bulk anatase and Titan NPs at concentrations of 5.0 mg/L. Increased phagocytosis in
these assays can be attributed to high rates of particle encounter and the low toxicity of bulk
anatase and Titan NPs. After four hours of exposure, phagocytosis increased in hemocytes
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exposed to low concentrations of Titan NPs and decreased in those exposed to high
concentrations. This response has been demonstrated previously in bivalve hemocytes exposed to
a variety of anthropogenic toxins (Coles et al. 1995; Sauvé et al. 2002; Ciacci et al. 2012;
Croxton et al. 2012). Four hour exposures to both bulk and nanoparticulate anatase showed a
decrease in phagocytosis when compared to the two hour exposure. Decreases in function over
time have been reported before during in vitro experiments with bivalve hemocytes (Ciacci et al.
2012). A potential explanation for the decrease in phagocytosis was that the number of anatase
NPs in the treatments is quite high, which may have caused the hemocytes to reach a saturation
threshold resulting in a subsequent decrease in phagocytosis.
Both bulk and nanoparticulate TiO2 produced decreased ROS production at
concentrations of 5.0 mg/L after two-hour exposures. Conversely after four hours, exposure to
both bulk and nanoparticulate TiO2 resulted in an increase in ROS production at lower
concentrations and a decrease in ROS production at higher concentrations. Previous research has
shown that ROS production increases, decreases, or remains stable following exposure to other
types of xenobiotics (Anderson et al. 1994; Coles et al. 1995; Canesi et al. 2008; Canesi et al.
2010a; Ciacci et al. 2012; Croxton et al. 2012; Donaghy et al. 2012). A mixed response in ROS
production indicates that several factors including the species of bivalve, the time of exposure,
the toxin present, and the concentration of the toxin may all influence the production of ROS in
hemocytes.
Taken together, the results of my studies on the response of oyster hemocytes following
exposure to bulk and nanoparticulate TiO2 indicate that the immune response is predicated on a
number of external factors including time, concentration, and particle type. Simple cause and
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effect scenarios could not be used to explain the bivalve immune response following exposure to
TiO2 NPs, indicating a need for further analysis.

5. Overall Significance

5.1 Acute Exposure Using Model Organisms
Studies regarding the acute effects of manufactured NPs have been performed using a
variety of vertebrate and invertebrate model organisms. Many of these experiments follow the
guidelines for acute exposure studies used by the Organization for Economic Cooperation and
Development (OECD) and the United States Environmental Protection Agency (US EPA;
Warheit

et

al.

2007).

According

to

www.epa.gov/chemrtk/pubs/general/sidsappb.pdf),

OECD

(and

EPA

guidelines,

acute

toxicity

tests

for

see

invertebrates

(developed using Daphnia magna) have a duration of 48 hours (OECD Test Guideline 202),
whereas acute toxicity tests for vertebrates (developed using fish models) are to have a duration
of 96 hours (OECD Test Guideline 203). The two and four hour exposures used in my
experiments were far shorter than those used in other acute toxicity studies, and strict adherence
to a two-hour exposure for evaluation with other research would make comparison virtually
impossible. Thus, my findings were compared to studies that included results of acute exposures
for 24 hours or less.
Despite the shorter exposure times of my studies, we observed significant changes in the
cellular response of oyster hemocytes following exposure to TiO2 particles. Several previously
published works describe changes in cell lines as well as whole organisms as a result of acute
exposure to NPs. For example, the nematode, Caenorhabditis elegans, exhibited mortality
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following exposure to ZnO, Al2O3, and TiO2 NPs (Wang et al. 2009). Exposure of bacteria to
TiO2 NPs resulted in cell death under both light and dark conditions (Adams et al. 2006). Cells
from the rainbow trout (Oncorhyncus mykiss) exposed to TiO2 NPs and UVA radiation
demonstrated cytotoxicity and genotoxicity as well as a loss of lysosomal membrane integrity
(Vevers and Jha 2008). Genotoxic effects were also observed in goldfish skin cells following
exposure to TiO2 and UVA radiation (Reeves et al. 2008). Increased production of the protein
biomarkers glutathione and catalase normally associated with cellular defense was observed in
the water flea (Daphnia pulex) after exposure to C60 (Klaper et al. 2009). Carboxylated nanopolystyrene negatively impacted the ability of chicken intestinal epithelium cells to absorb iron,
in vitro (Mahler et al. 2012). Inhalation studies in rats exposed to single-walled carbon nanotubes
(SWCNTs) showed the formation of multifocal granulomas in the lungs (Warheit et al. 2004).
The aforementioned studies demonstrate more deleterious effects than I observed, however, my
experiments were conducted over shorter durations of time with lower, more environmentally
relevant concentrations. For example, the concentrations of bulk and nanoparticulate TiO2 to
which we subjected oyster hemocytes were equivalent to (Warheit et al. 2004; Klaper et al.
2009), or lower than those used in previously published acute toxicity studies (Adams et al.
2006; Reeves et al. 2008; Vevers and Jha 2008; Klaper et al. 2009; Wang et al. 2009). As a
result, my data focus on the effects of NPs at the lower end of the acute time scale, while
previously published studies have determined the effects of NPs at the upper end of the acute
time scale.
Some of my results were similar to those found in previously published studies. For
example, I found significant changes in oyster hemocytes exposed to TiO2 particles under dark
conditions, which seems to suggest that TiO2 NPs can induce cellular change in the absence of
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ultraviolet radiation. It is generally accepted that exposure to natural light causes increased
toxicity of TiO2 NPs (Dunford et al. 1997; Nakagawa et al. 1997), however, examples of studies
showing TiO2 NPs causing damage in the dark have been published (Gurr et al. 2005; Adams et
al. 2006). Additionally, other studies have found no effects of heavy metal contaminants on
hemocyte viability (Sauvé et al. 2002), which I also observed after exposing oyster hemocytes to
TiO2 NPs. This finding suggests that perhaps another cellular mechanism, such as phagocytosis,
is protecting the cells from exposure to the TiO2 NPs and helping to maintain viability (George et
al. 1978). Further experiments need to be conducted to understand the complex results garnered
from these acute, in vitro studies.

5.2 Effects of Nanoparticles on Human Health
NPs can enter the human system through three main routes of exposure: the
integumentary system, the digestive tract, or the respiratory system (Hoet et al. 2004;
Oberdörster et al. 2005). In general, the skin is considered a formidable barrier to particulate
material, however, studies have demonstrated that micrometer-sized TiO2 particles can penetrate
the skin (Lademann et al. 1999). NPs are thought to enter the skin through breaks caused by
mechanical damage (Oberdörster et al. 2005), or through penetration of the hair follicle (Toll et
al. 2004). Considerable attention has been focused on whether or not TiO2 NPs can enter the
human body through the skin as sunscreens routinely use TiO2 NPs as an agent to block UVA
and UVB radiation (Serpone et al. 2007). Currently, no data has demonstrated that TiO2 NPs can
access the circulatory system as a result of penetrating the skin (Hoet et al. 2004). Another route
of entry for NPs into the human body is through ingestion, and subsequent passage into the
digestive tract. TiO2 NPs are routinely used in various types of food and personal care products
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as whiteners, and the average adult in the United States is estimated to consume 0.2 to 0.7 mg
TiO2/Kg of body weight/day (Fröhlich and Roblegg 2012; Weir et al. 2012). The third, and most
common, point of exposure to nanoparticulate material is through inhalation and passage of
nanoparticulate material into the lungs (Oberdörster and Utell 2002; Oberdörster et al 2005).
Urban areas are thought to contain high concentrations of ultrafine particulates, which pose
inhalation hazards (Oberdörster and Utell 2002; Kreyling et al. 2004; Bueza et al. 2007). In
addition, inhalation of nanoparticulate material in occupational settings is also believed to be
related to high exposures (Colvin 2003; EPA Nanomaterial Case Studies 2009; Koivisto et al.
2012). Particles in the lungs can be cleared through muco-ciliary processes, and are usually
redistributed to the digestive (Semmler et al. 2004), circulatory (Oberdörster et al. 2005), and
lymphatic systems (Choi et al. 2010). Once the nanomaterials have entered the circulatory and
lymphatic systems, they can be transported throughout the human body (see Bueza et al. 2007
for a comprehensive review).
Acute toxicity studies examining the effects of TiO2 NPs on human cell lines, in vitro,
demonstrate findings similar to those reported in my work. For example, cellular viability above
80% and the production of ROS was found in human lung epithelial cells following exposure to
TiO2 NPs (Stearns et al. 2001; Sayes et al. 2006; Singh et al. 2007; Bhattacharya et al. 2009).
Cellular viability was also found to remain above 80% in human dermal fibroblasts for up to 12
hours (Sayes et al. 2006), and human dermal endothelial cells showed increased phagocytosis
after exposure to TiO2 NPs (Peters et al. 2004). Exposure of human brain microglia to TiO2 NPs
resulted in both an increase in ROS production as well as phagocytosis (Long et al. 2006). TiO2
NPs were found to enter human nasal mucosal cells and did not cause any decrease in cellular
viability (Hackenberg et al. 2010). Human peripheral blood lymphocytes showed increased ROS
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production following contact with TiO2 NPs (Kang et al. 2008). Interestingly, comparable
cellular responses are observed in different cell lines across species following exposure to TiO2
NPs. This evidence suggests that cellular defense mechanisms such as phagocytosis and ROS
production are highly conserved among species as disparate as suspension-feeding bivalves and
humans.

5.3 Implications for Shellfish Management
During the ingestion and depuration experiments of this research, mussel and oysters
were exposed to TiO2 NPs at a concentration of 5 mg/L for a period of two hours. This type of
exposure is similar to what an organism may encounter following an environmental spill, making
the results of these experiments of particular concern to those who monitor shellfish beds.
Following exposure, my results showed that both mussels and oysters were able to depurate the
bulk of the TiO2 NPs in approximately 72 hours. These data suggest that following a spill of
TiO2 NPs into coastal waters adjacent to mussel and oyster farms, harvest of the animals cease
for 72 hours, after which time the mussels and oysters should once again be safe for human
consumption.

6. Future Research

This research takes into account the effects of only a small portion of the NPs that are
presently being developed, produced, and included in consumer products. As a result, other NPs
being included in retail goods such as nano-Ag, ZnO, and polystyrene are potentially entering
coastal marine systems for which little data currently exist. Consequently, this research
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represents only a glimpse at how manufactured NPs are affecting a single class of marine
organisms. Future work should strive to take into account the types of NPs being used in
consumer goods and their likely routes of entry into the environment.
My studies represent acute, in vitro exposures at concentrations that are higher than those
currently believed to exist in the natural environment. These parameters are what would be
expected during a spill scenario in a riverine or coastal ecosystem where the animals in close
proximity to the point source are initially exposed to a high concentration of TiO2 NPs, which is
diluted in a relatively short period of time. While this spill scenario holds merit, it does not take
into account the chronic, low exposures of anthropogenic contaminants that aquatic organisms
may in fact be experiencing. As a result, the experiments should be repeated at environmentally
relevant concentrations (< 1 mg/L) for longer periods of time to determine whether there is any
measurable bioaccumulation and/or physiological effects when compared to acute exposures.
Furthermore, the current studies examine the cellular effects of bulk and nanoparticulate TiO2, in
vitro. Additional experiments need to be conducted to measure how bulk and nanoparticulate
TiO2 affect suspension-feeding bivalves following in vivo exposures. In vivo exposures are
critical to understanding how metabolic processes, as well as the presence of organic molecules
such as proteins and lipids, influence the interaction of NPs with cellular membranes (Nel et al.
2009).
Exposure to natural light is known to generate photocatalytic effects in TiO2 NPs
particularly in the form of ROS (Jang et al. 2001; Hund-Rinke and Simon 2006; Ma et al. 2012).
Upon entering aqueous environments, NPs are subjected to natural light, and the atoms at the
surface of the NPs will absorb the energy of the photons. When the energy of a valence electron
exceeds the energy of the band gap, valence electrons will be elevated to the conduction band.
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The promotion of an electron to the conduction band results in a free electron, and a space (or
“hole”) in the valence band where the electron once existed; a state commonly referred to as an
“electron-hole pair”. In the presence of water and oxygen in the ambient environment, the free
electron and the hole in the valence band begin producing ROS (Ma et al. 2012). ROS can
interact with cell membranes, proteins, and nucleic acids resulting in peroxidation of lipid
membranes, distortions in the three dimensional conformation of proteins, disrupted DNA,
interference with signal transduction, and modulated gene transcription (Bueza et al. 2007).
Future studies need to consider the photocatalytic effects of light on TiO2 NPs as well as the
subsequent production of ROS in bivalve hemocytes.
Previous reports demonstrate that bivalves are capable of clearing particulate matter
captured on the gill in a matter of minutes (see Milke and Ward 2003). Other results have shown
that particles with little nutritive value are quickly eliminated from the stomach as intestinal
feces (Bricelj et al. 1984; Brillant and MacDonald 2002; Brillant and MacDonald 2003; Ward
and Shumway 2004). During my experiments, both the blue mussel and eastern oyster were
found to remove TiO2 NPs from their gills and visceral mass somewhere between 0 and 6 hours.
Further experiments should be conducted to resolve when during that six hour time frame the
TiO2 NPs are removed from the gill and visceral mass. In addition, experiments need to be
conducted to determine whether the TiO2 NPs are entering the cells through the use of TEM
(Schrand et al. 2010). Visualization of the TiO2 NPs using TEM will provide data on whether the
particles are entering the cells of the gill and visceral mass, or if the particles are simply adhering
to the surface of the cells.
One of the TiO2 NPs used during these experiments was UV-Titan M212, a composite
NP that is coated with alumina and glycerine. These coatings are employed to prevent the
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photocatalytic activation of ROS during exposure to sunlight. Upon entering an organism, Titan
NPs would potentially be exposed to the phagolysosome, digestive enzymes, or acid in the gut. It
is plausible that these natural metabolic processes could alter or strip away the alumina and
glycerine coatings leaving the animal’s cells vulnerable to increased production of ROS. In vitro
and in vivo experiments could be designed to test the validity of this concern.
Data exist regarding the responses of bivalves to some NP types at the organismal
(Canesi et al. 2008; Ward and Kach 2009; Tedesco et al. 2010; Abbott Chalew et al. 2012;
Montes et al. 2012), cellular (Canesi et al. 2008; Tedesco et al. 2008; Canesi et al. 2010a; Canesi
et al. 2010b; Tedesco et al. 2010; Ciacci et al. 2012), and molecular levels (Al-Subiai et al. 2012;
Barmo et al. 2013; Gomes et al. 2013a). Very little is known, however, about gene expression,
and the data that do exist, address only single genes, not the entire genome (Canesi et al. 2008;
Canesi et al. 2010a; Ringwood et al. 2010). Hence, changes at the genomic level in bivalves
exposed to TiO2 NPs represent a knowledge gap in the current literature. Conducting in vivo
experiments to address the effects of TiO2 NPs on the bivalve transcriptome or proteome would
provide realistic data on the genetic response of bivalves to commonly used NPs. Further,
understanding the sublethal effects of TiO2 NPs would allow for the identification of gene
families that are affected, the resulting phenotypic changes, and if changes in genetic expression
are transferred horizontally and/or vertically.
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Appendix A
Methods for the Washing of Polystyrene Nanoparticles (22-nm) Using Dialysis

Preliminary experiments were conducted using polystyrene nanoparticles (NPs; 22-nm) to
develop the protocols that would be used throughout this research. Initially, polystyrene NPs
were removed from the bottle and added directly to natural seawater to generate marine snow in
the laboratory. During the creation of the laboratory generated marine snow, I noticed the
formation of a contaminant in the roller bottles that had a fluffy, white appearance. Polystyrene
NPs are immersed in a solution that contains antimicrobials as well as dispersants, which I
hypothesized might be responsible for the contamination forming in the roller bottles. To rectify
the problem, I modified a protocol from Vauthier et al. (2008) to wash the polystyrene NPs prior
to exposing the particles to seawater. The contamination was eliminated using the following
protocol:

1. A 12-cm strip of dialysis tubing (12,000 MWCO) was moistened in deionized H2O, and
one end was sealed with a dialysis tubing clip.
2. Three milliliters of polystyrene NPs (Duke Scientific) were combined with an equal
volume of MQ-water and pipetted into the dialysis tubing. The open end was sealed with
a dialysis tubing clip.
3. The dialysis tubing containing the NPs was submerged in 15 mL of a 30% dextran
solution (12 g of dextran with 28 mL of MQ-water in a 130 cm x 40 cm Pyrex glass
cylinder).
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4. The dialysis tubing was left in the counter-dialysis medium until the all the fluid was
removed (> 7 hours).
5. Following dialysis, 6 mL of MQ-water was added to the tubing. The tubing was manually
agitated to remove any NPs adhered to the sides and to break up large agglomerations.
6. After rinsing, the tubing was moistened with deionized H2O in order to facilitate opening.
7. The NPs were removed from the tubing by adding MQ-water, the NPs were manually
agitated, and the suspension was pipetted into a Falcon tube. This process was repeated
twice with MQ-water for a final volume of 3 mL.
8. Once the NPs were collected, the Falcon tubes were capped and kept in the refrigerator
for future experiments. Note: suspensions stored in the refrigerator will evaporate over
time.
9. To determine the concentration, the suspension was diluted 1:10 to reduce selfquenching, and a sub-sample was placed on a fluorescent spectrophotometer (Hitachi
2500; excitation = 304 nm; emission = 610 nm). A standard curve (see Appendix B) was
used to determine the area of fluorescence based on the concentration of the polystyrene
NPs present in the suspension.
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Figure 1: Dialysis tubing containing polystyrene NPs (pink; 22-nm) immersed in a 30% dextran
solution.
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Appendix B
Methods for Producing a Standard Curve Using Polystyrene Nanoparticles (22-nm)

1. Seawater was passed through a 210-μm sieve to remove zooplankton and large particles.
2. The stock suspension contained polystyrene nanoparticles (NPs) at a concentration of 1.7
x 1015 particles/mL and a density of 0.01 g/cm3.
3. The nanoparticle stock was diluted with MQ-water to produce a working suspension with
a concentration of 1.7 x 1014 particles/mL.
4. The working suspension was then serially diluted so that a seven-point standard curve
based on mass and concentration could be generated.
5. Knowing the concentration and density of the stock suspension, proportions were used to
calculate the densities of the dilutions.
6. A subsample of each of the serial dilutions used for the standard curve was placed into a
glass cuvette, and the fluorescence of the sample was detected using a fluorescent
spectrophotometer (Hitachi 2500; excitation = 304 nm; emission = 610 nm).
7. Multiplying the concentrations (particles/mL) by the volume placed in the cuvettes (3
mL) gave the number of NPs in the sample.
8. Multiplying the densities (g/mL) of each dilution by the volume placed in the cuvettes (3
mL) gives the mass of the NPs in the sample.
9. Standard curves were constructed by plotting the fluorescence (y-axis) versus the number
of beads (x-axis; Fig. 2), and the fluorescence (y-axis) versus the mass of the beads (xaxis; data not shown).
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Figure 2: Standard curve for polystyrene NPs (22-nm).
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Appendix C
Methods for Sampling Polystyrene Nanoparticles (22-nm) in Marine Snow

1. Pre-washed polystyrene nanoparticles (NPs) were sonicated in a water bath for one hour
prior to the experiment (the initial fluorescence of the pre-washed particles should be
taken using the fluorescent spectrophotometer before commencing dilutions).
2. The polystyrene NPs were added to 210-μm sieved seawater for a final concentration of 1
ppm (1.7 x 1012 particles/mL). The working suspension was stirred continuously with a
magnetic stir plate to prevent settling.
3. The working suspension was then poured into 250-mL polystyrene bottles in quartervolume increments. The working suspension was placed back on the stir plate each time
to prevent settling.
4. Once the bottles were filled, a 15-mL sample was collected from each bottle in order to
measure the initial fluorescence on the fluorescent spectrophotometer.
5. Bottles were designated as either rolled or unrolled treatments, and duplicate bottles of
each were produced for all four days in the experiment.
6. Rolled bottles were placed on the rolling table for 96 hours at 15 rpm, while unrolled
bottles were placed next to the roller table for the same duration of time.
7. Each day, a pair of rolled and a pair of unrolled bottles were removed from the
experiment in order to calculate the percent incorporation of the polystyrene NPs in the
marine snow.
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Direct Method of Determining Incorporation into Marine Snow
8. After 24 hours, the Day 1 rolled and unrolled bottles were removed from the experiment,
gently inverted three times, and allowed to settle for one hour.
9. After one hour of settling, the marine snow (≥ 0.08 μm) was gently removed from the
bottom of each bottle using a glass transfer pipette and placed into separate 15-mL Falcon
tubes.
10. Unrolled bottles may not contain marine snow so an equal volume of water as marine
snow was removed from the bottom of the bottle and placed into a separate 15-mL
Falcon tube.
11. Samples were centrifuged at 3,220 x g for 15 minutes, the supernatant was pipetted off,
and 5 mL of MQ-water was added to remove any salts.
12. Three milliliters of 1N NaOH were added to each Falcon tube, the samples were
vortexed, and then allowed to digest for one week.
13. After one week, each sample was analyzed on a fluorescent spectrophotometer (Hitachi
2500; excitation = 304 nm, emission range = 500-700 nm).
14. Steps 7-13 were repeated for each day’s samples.
15. The percent incorporation was calculated by dividing the number of polystyrene NPs in
the marine snow by the number of polystyrene NPs initially added to the rolling bottles.

Indirect Method of Determining Incorporation into Marine Snow
16. After the removal of marine snow, the remaining seawater in each bottle was
homogenized on a magnetic stir plate for 5 minutes.
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17. A 10-mL sample from each bottle was placed into dialysis tubing (12,000 MWCO) and
dialyzed for at least 8 hours using a solution of 30% dextran in MQ-water in order to
separate the seawater from the nanoparticles (see Appendix A).
18. Following dialysis, a 5 mL aliquot of MQ-water was placed into the tubing and the
solution was manually agitated to resuspend the nanoparticles (the sample may require
further dilution depending on the number of beads present).
19. Once the beads were resuspended, 3 mL were removed from the dialysis bag and placed
in a glass cuvette to measure fluorescence on the fluorescent spectrophotometer.
20. Steps 16-19 were repeated for each day’s samples.
21. The percent incorporation was calculated by subtracting the number of polystyrene NPs
remaining in the rolled water fraction from the number remaining in the unrolled water
fraction. The difference was then divided by the number of polystyrene NPs remaining in
the unrolled water fraction.
22. Fluorescence values for both the direct and indirect method should be similar, however, a
small difference is expected as a certain number of beads will adhere to the sides of the
pipette tips, the rolling bottles, and the dialysis tubing.
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Figure 3: The percent incorporation of polystyrene NPs in marine snow over time. The direct
method indicated NP concentrations increased with time in marine snow until the settling rate in
water surpassed the incorporation rate in marine snow. The indirect method closely followed the
direct method except on Day 2 where uptake into marine snow decreased resulting in lower
percent incorporation. Data are mean ± range of two replicate bottles.
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Figure 4: A comparison of two direct sampling methods. When sampling marine snow, a
fraction of the overlying water was also taken. The less conservative method assumed very few
NPs settled out of the water fraction during centrifugation, and no adjustments were made. The
more conservative method assumed that all the NPs settled out during centrifugation, and the
number of NPs in the water fraction was subtracted from the total number of NPs obtained for
that sample. This calculation gave a conservative estimate of the NPs in the marine snow. Data
are mean ± range of two replicate bottles.
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Appendix D
Feeding and Depuration Experiments Using Polystyrene Nanoparticles (22-nm)

Before any feeding experiments were run using titanium dioxide nanoparticles (TiO2 NPs),
experiments were conducted with polystyrene NPs to formulate the methods. The protocol below
was modified in subsequent feeding experiments with TiO2 NPs (see Materials and Methods in
Chapter 2). Ultimately, the results of the feeding and depuration experiments using polystyrene
NPs were inconclusive as the background fluorescence of the feces was higher than that of the
polystyrene NPs. Consequently, a definitive concentration of polystyrene NPs in bivalve feces
could not be determined.

Preparation of the Feeding Experiments
1. Prior to the experiments, polystyrene NPs were rolled into marine snow as described
previously (see Appendix C).
2. Mussels (Mytilus edulis) collected from local populations were cleaned of all fouling
organisms. A Velcro® strip was adhered to one of the animals’ shells using a two part
marine epoxy.
3. Animals were held in an environmental chamber and fed Tetraselmis sp. for several days
in order to acclimate to a temperature between 18° to 20° C.
4. Approximately 30 to 60 minutes before the commencement of the feeding experiments,
the bivalves were secured to craft sticks with Velcro® and transferred to a large holding
tray filled with aerated seawater, delivered a ration of Tetraselmis sp., and allowed to
acclimate.
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5. After three days of rolling, both rolled and unrolled bottles were gently inverted three
times to resuspend the marine snow before placing the bottles on the multi-position stir
plates.
6. Bottles were placed on the multi-position stir plates such that two of the rolled bottles
were paired with two of the unrolled bottles as well as a rolled and an unrolled blank.
7. Air pumps were attached to four position gang valves via tubing and connected to glass
Pasteur pipettes to carry air into each individual bottle. A clothespin was used to clip the
Pasteur pipette into place on the rim of the bottle.
8. A stir bar was added to each bottle, and the stir plates were programmed to agitate the
water for 10 seconds every 15 minutes to prevent the marine snow from settling.
9. The water was then spiked with 10-μm polystyrene particles at a concentration of 2,000
particles/mL. Optimally the particles should not be prepared more than one day prior to
feeding selection experiments.
10. Animals that were comfortably feeding with their mantles extended were chosen for the
feeding experiment.

Feeding Experiments
11. Animals were allowed to feed for one hour with time commencing once the mussels reopened with their mantle extended.
12. Following one hour, the animals were removed from the bottles and placed in clean 1-L
tri-corner beakers containing 0.22-μm-filtered seawater at 18° C.
13. Feces in the bottles were collected and added to the 6-hour fecal sample.

188

14. In the tri-corner beakers, animals were fed a diet of Tetraselmis sp. (10,000 cells/mL)
once a day, and feces were collected at 6, 24, 48, 72, 96, and 120 hours to examine the
depuration rates of NPs.
15. Fecal samples were placed into individually labeled 15 mL Falcon tubes, centrifuged at
3,220 x g for 15 minutes, the supernatant was removed, and the feces were washed once
with 3 mL of MQ-water.
16. After washing with MQ-water, the fecal samples were centrifuged a second time at 3,220
x g for 15 minutes, the supernatant was removed, and the feces were digested in 5 mL of
1N NaOH for one week.
17. The number of polystyrene NPs in the feces was calculated as previously described (see
Appendix B).
18. A sample of the remaining feces was diluted, and the concentration of 10-μm polystyrene
beads was determined using a hemocytometer.
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Appendix E
Polystyrene Nanoparticles (22-nm) in Mussel Pseudofeces

Blue mussels (Mytilus edulis) were fed polystyrene nanoparticles (NPs; 22-nm) at a
concentration of 3.5 x 1012 particles/mL for 1 hour. Following feeding, the animals were placed
in clean tri-corner beakers filled with filtered-seawater (0.22-µm), fed a diet of Tetraselmis, and
allowed to depurate for three days. After approximately five minutes of feeding, the animals
began producing a visible amount of pseudofeces with a pink hue. The pink coloration of the
pseudofeces can be attributed to the presence of polystyrene NPs, which are red-shifted and
appear pink to the eye. Pseudofeces with this characteristic pink coloration were collected 45
minutes, 24 hours, and 48 hours after the animals were transferred to beakers containing filtered
seawater without NPs (Fig. 5). Field emission scanning electron microscopy (FESEM) showed
the presence of polystyrene NPs embedded in the mucus matrix of the mussels’ pseudofeces
(Fig. 6). The production of pseudofeces containing polystyrene NPs at times ranging from 45
minutes to 48 hours is of interest as blue mussels exposed to micrometer-size particles (e.g.
phytoplankton, 10- µm polystyrene particles) transport the captured particles off of their gills in
approximately three minutes (Milke and Ward 2003). Consequently, the nano-sized polystyrene
particles may present a challenge to the mussels’ muco-ciliary transport process.
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Figure 5: Pseudofeces collected from the blue mussel at (A) 45 minutes (2.25 mm x 1.00 mm)
and (B) 20 hours (1.25 mm x 0.75 mm). The total magnification for both images was 40X.
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Figure 6: FESEM images of mussel pseudofeces at (A) 45 minutes and (B) 20 hours.
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Appendix F
Characterization of Titanium Dioxide (<100-nm) and Zinc Oxide (9-nm and <50-nm)
Nanoparticles in Three Aqueous Media Samples

Initial experiments with metal oxide nanoparticles (NPs) included titanium dioxide (TiO2) and
zinc oxide (ZnO). Following several experiments, the TiO2 NPs were found to contain particles
much larger than the size (100 nm) indicated by the manufacturer. In addition, the ZnO NPs were
found to dissolve in seawater, which led to questions as to whether or not the NPs or the zinc
ions were causing toxicity. As a result, both of the NPs in this appendix were no longer used in
the experiments.
_____________

Examination of dry <100-nm TiO2 nanopowder showed agglomerates ranging from
approximately 500 nm to 1 µm. Less than 100-nm TiO2 NPs immersed in MQ-water at the <0.2hour time interval formed 500-nm to 1-µm agglomerates, with most individual particles being
greater than 100 nm in size. When immersed in natural and artificial seawater, field emission
scanning electron microscopy (FESEM) indicated that the <100-nm TiO2 NPs formed about one
to two agglomerates per 0.0005 mm2 in the <0.2-hour samples, whereas three or more
agglomerates were often observed in both the 1- and 72-hour samples. When exposed to MQwater, <100-nm TiO2 NPs formed three or more agglomerates per 0.0005 mm2 in the <0.2-, 1-,
and 72-hour samples (Table 1). Less than 100-nm TiO2 nanopowder sonicated in ethanol
contained individual particles that were 100 nm in diameter, as well as agglomerates that were
approximately 1.5 µm in size (Fig. 9).
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Both TiO2 and ZnO NPs agglomerate essentially immediately in aqueous media, but the
agglomeration potential is higher in media that have a high ionic content (e.g., artificial and
natural seawater; Fig. 7). The agglomeration potential of <100-nm and 9-nm TiO2, and <50-nm
ZnO NPs was higher in natural seawater and in artificial seawater (zeta > -25) than in MQ water
(zeta < -25). Agglomeration potential of 9-nm ZnO NPs in natural seawater and MQ-water at
<0.2 hour was similar to the other particles (Fig. 8). At 72 hours, however, the agglomeration
potential increased (zeta > -25), which may have been the result of the dissolution of ZnO NPs
over time due to the lower pH of MQ-water (Wang et al. 2009). Such dissolution would have
increased the divalent cation concentration of the MQ-water, constricting the double layer
enveloping each particle, causing enhanced agglomeration due to van der Waals forces
(Abramson et al. 1942; Gibbs 1983; Lead and Smith 2009).
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Table 1: Abundance of agglomerates formed by <100-nm TiO2 NPs. Agglomerates were viewed
by means of FESEM.

Treatment

Natural Seawater
Artificial Seawater

MQ-Water

Replicate
A
B
C
A
B
C
A
B
C

< 0.2
*
*
0
*
*
0
**
**
0

Time (hr)
1
*
**
0
**
**
0
**
**
0

72
**
**
0
**
*
0
**
**
0

0: No agglomerates; *: 1-2 agglomerates per 0.0005 mm2; **: 3-10 agglomerates per 0.0005
mm2
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Figure 7: Zeta potential of (A) <100-nm TiO2 particles and (B) <50-nm ZnO particles in three
different treatments at <0.2 hours. Different letters indicate significant differences at p < 0.05.
Data are means ± standard deviation (n = 3).
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Figure 8: Zeta potential of 9-nm ZnO NPs in two different treatments over time. Different letters
indicate significant differences at p < 0.05. Data are means ± standard deviation (n = 3).
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Figure 9: FESEM images of TiO2 NPs showing examples of actual size range. Particles were
dispersed in alcohol (ethanol or methanol) prior to filtration. A and B. The 9-nm material
contained many individual particles greater than 9 nm in size; C. The <100 material contained
many individual particles approximately 100 nm in size, but often contained particles of a much
larger size (D). Arrows indicate examples of individual NPs. The magnification was 30,000X (A,
C, D) and 80,000X, the voltage was set at 15.0 kV, and the working distance ranged from 5.8 to
8.7 mm.
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Appendix G
Counts of Titanium Dioxide Agglomerations in MQ-water and Natural Seawater

The results presented in this section were believed to have been the result of an artifact caused by
vacuum filtration. Since there was no viable explanation as to what caused the observed
phenomenon, the data were removed. Recent behavior experiments did demonstrate a similar
result (see Chapter 1), and a potential explanation involving bacterial activity is being
investigated.
_____________

Field emission scanning electron microscopy (FESEM) indicated the number of 9-nm
TiO2 agglomerates increased between <0.2 and 1 hour, and then decreased at 72 hours in all
water treatments (Fig. 10). In all aqueous treatments agglomerates that formed in the <0.2-hour
exposure were larger than those present in the 72-hour exposure (Fig. 11). The technique of
drawing nanoparticles down on filters, combined with subsequent drying, could have resulted in
increased particle agglomeration. The concentrations and procedures used for all treatments and
times, however, were the same. Therefore, if artifacts did occur, the effect should be uniform
across all treatments and times, but this was not the case. For example, the number of TiO2
agglomerates imaged by FESEM significantly increased between <0.2 and 1 hour, and then
decreased between 1 and 72 hours across all treatments. Additionally, FESEM images showed
that the size of agglomerates in all treatments at <0.2-hours were larger than the size present at
72 hours. If this were an artifact due to vacuum filtration and drying, there should be no decrease
in particle size over time. The reason for the increase then decrease of agglomerations was
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unclear, but reasons such as exposure to light (Labille et al. 2010), or microbial processes may
provide some insight. Despite this unexpected result, the overall findings suggest TiO2
nanoparticles agglomerate quickly in all three aqueous treatments and remain that way over time.
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Figure 10: Number of agglomerates of 9-nm TiO2 nanoparticles per unit area (5 x 10-4 mm2) in
three treatments versus time. Bars designated by different letters are significantly different at p <
0.05. Within a treatment, data for the 1-hour time period was significantly different from that of
the other two time periods at p < 0.05 (asterisk). Data are means ± standard deviation (n = 3).
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Figure 11: FESEM image of 9-nm TiO2 nanoparticles in two aqueous media at two times: (A)
MQ-water at <0.2 hours; (B) MQ-water at 72 hours; (C) NSW at <0.2 hours; (D) NSW at 72
hours. Arrows indicate agglomerates of TiO2 particles, and “S” denotes salt crystals. Note that
the size of the agglomerates appears to decrease at 72 hours in both media. The total
magnification was 4,500X, the voltage was set at 15.0 kV, and the working distance ranged from
8.5 to 9.0 mm.
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Appendix H
Methods for the Alkaline Comet Assay

The comet assay is used to detect the presence of DNA damage following exposure to a potential
toxic substance. The amount of DNA damage is quantified by Olive tail moment (calculated by
multiplying the length of the tail by the fraction of DNA in the tail; Olive and Banáth 2006).
These methods were developed at the University of Exeter (UK) in October 2011, and were
developed under the guidance of Shelly Dogra and Tamara Galloway. Results obtained using
these methods are presented at the end of this protocol.
_____________

1. Physiological Saline:
a. HEPES (4.77g)
b. NaCl (25.46 g)
c. MgSO4 anhydrous (13.06 g)
d. KCl (0.75 g)
e. CaCl dihydrate (1.47 g)
Made up to 1 L in diH2O and adjust to pH 7.36, store at 4 °C
2. MMS: 200 µM solution made in physiological saline (remake prior to each run).
3. Load the requisite number of syringes (21-gauge) with 100 µL of chilled physiological
saline (4 °C). Keep in ice until use.
4. Draw hemolymph from the posterior adductor muscle to a total volume of 200 µL.
5. Remove needle and place hemolymph into 1.5 mL Eppendorf tubes.
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6. Centrifuge at 2500 rpm for 3 minutes.
7. Remove 100 µL of supernatant and dispose. Then add exposure material to Eppendorf
tube. Prepare a minimum of four of the following:
a. TiO2-nano: 1 ppm: 20 µL of 10 ppm stock + 180 µL of cell suspension
b. Positive control (MMS): 100 µM final concentration: 100 µL of 200 µM stock
added to 100 µL of cell suspension
c. Negative control: 100 µL of physiological saline to 100 µL of cell suspension
8. Incubate on ice for a two-hour exposure period.
9. Lysis Solution: (can also use Shelly’s lysis solution: 1 mL Triton X-100 + 10 mL DMSO
+ 90 mL)
a. Comet assay kit lysis solution (40 mL with 4 mL of DMSO), chilled to 4 °C for at
least 20 minutes prior to use. Make up 88 mL. Expiration date on Trevigen bottle
doesn’t matter
10. LMP Agarose Solution: can keep reheating agarose
a. Add 1 g of LMP agarose to 100 mL of Kenny Salt Solution (23.38 g of NaCl,
0.671 g KCl, 0.121 g K2HPO4, 0.168 g NaHCO3 in 1 L of diH2O)
11. Following 2-hour exposure, cell suspensions are spun at 2500 rpm for 3 minutes.
12. Remove 150 µL and resuspend pellet in 500 uL of LMP agarose.
13. Transfer 50 µL aliquots into each sample well of comet assay kit slides.
14. Place slides flat at 4°C in the dark for 10 minutes.
15. Immerse slides in pre-chilled lysis solution for 1 hour at 4 °C.
16. Alkaline unwinding solution: pH > 13
a. NaOH (0.8 g)
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b. 200 mM EDTA (500 µL)
c. diH2O (99.5 mL) stir until dissolved, allow to cool to room temperature prior to
use, store at room temperature. Make up 100 mL.
17. Drain excess buffer from slides and immerse in alkaline unwinding solution (pH >13) for
40 minutes in the dark at room temperature.
18. Alkaline electrophoresis solution: pH > 13 (0.2 or 0.3 M makes no difference)
a. NaOH (8 g)
b. 500 mM EDTA, pH = 8 (2 mL) 1.86 g in 10 mL, dissolve with spinning and heat.
Add to dissolved NaOH pellets, and set pH to 13.
c. diH2O to final volume of 1 L
19. After 40 minutes, place slides in electrophoresis chamber. Fill chamber with enough
electrophoresis solution to cover the slides. Set power at 25 V and apply voltage for 30
minutes in the dark at 4 °C.
20. Wash three times in neutralizing buffer for 5 minutes each (Leave slides in last
neutralizing buffer wash. Prevents the gels from drying out during microscopy).
21. Stain with 20 µL of ethidium bromide (stock solution = 2 mg/mL; working solution = 50
µL of stock in 4.95 mL of MQ-water). Excitation wavelength = 518 nm/Emission
wavelength = 605 nm.
22. Stain only the slide with which you are working. This timing prevents the EtBr from
fading before viewing.
Notes:
•

If making Shelly’s lysis solution, you need to dissolve the EDTA first with heat, then add
the Tris and NaCL.
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•

The metal wires (inside the electrophoresis chamber) can be no longer than 14 cm in
length or the electrophoresis chamber will not be able to reach 25 V.
(Revised April 2013)
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Results of the Comet Assay

Figure 12: Images captured using epifluorescent microscopy showing (A) unexposed (control)
mussel hemocytes and, (B) mussel hemocytes exposed to TiO2 NPs at 5 mg/L. The “head” of the
comet is the nucleus of the hemocyte, while the “tail” of the comet is the damaged DNA.
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Figure 13: Exposure of mussel hemoctyes to four different treatments. The negative control used
was phosphate buffered saline, while the positive control was methyl methanesulfonate (MMS).
Mussels were also exposed to TiO2 NPs as well as cerium dioxide (CeO) NPs. The results
indicate that exposure to TiO2 and CeO NPs at concentrations of 5 mg/L under dark conditions
caused DNA damage similar to the positive control. Data are the mean ± SE (n = 3 to 4).
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Figure 14: Exposure of mussel hemoctyes to four different treatments. The negative control used
was phosphate buffered saline, while the positive control was methyl methanesulfonate (MMS).
Mussels were also exposed to TiO2 NPs as well as cerium dioxide (CeO) NPs. The results
indicate that exposure to TiO2 and CeO NPs at concentrations of 1 mg/L under low-light
conditions, only TiO2 NPs caused DNA damage similar to the positive control. Data are the
mean ± SE (n = 3 to 4).
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Figure 15: Exposure of mussel hemoctyes to four different treatments. The negative control used
was phosphate buffered saline, while the positive control was methyl methanesulfonate (MMS).
Mussels were also exposed to TiO2 NPs as well as cerium dioxide (CeO) NPs. The results
indicate that exposure to TiO2 and CeO NPs at concentrations of 0.1 mg/L under low-light
conditions, neither TiO2 nor CeO NPs caused significant DNA damage. Data are the mean ± SE
(n = 3 to 4).
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Appendix I
Detection of Titanium Dioxide Nanoparticles in Oyster Hemolymph

This study was conducted in July 2012 to determine if titanium dioxide nanoparticles (TiO2 NPs)
could be detected in oyster hemolymph following a two-hour feeding exposure. The results
indicated that there was no TiO2 NPs detectable in the oyster hemolymph following analysis
using inductively coupled plasma mass spectrometry (ICP-MS). Consequently, the data was not
included in the chapters.
_____________

A total of 15 oysters were fed anatase TiO2 NPs (freely-suspended) at a concentration of
5 mg/L for two hours. After the two-hour feeding interval, the 0-hour animals were sacrificed
immediately, while the remaining animals were moved into 0.22 µm filtered-seawater, fed a diet
of Tetraselmis sp. (10,000 cells/mL), and allowed to depurate for 6, 24, and 72 hours, postfeeding. Control animals were included at each time interval, and consisted of oysters that were
not exposed to TiO2 NPs. After the allotted depuration period had elapsed, the oysters were
removed from the filtered-seawater, and hemolymph was collected from the adductor muscle.
The collected hemolymph was then pooled for every three animals and labeled A through E.
Pooling of the hemolymph was necessary for analysis on inductively coupled plasma mass
spectrometry (ICP-MS) as the instrument requires a minimum sample volume of 2 mL. The
hemolymph in each sample was acidified to 1% using 18 M H2SO4 and 16 M HNO3 in a 3:7 v/v
ratio, and analyzed for the presence of TiO2 NPs using ICP-MS. In addition, a 50 mL sample of
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the initial and final water from each feeding experiment was collected. The water samples were
acidified as described above and analyzed for the presence of TiO2 NPs using ICP-MS.
Results indicated the presence of TiO2 NPs in both the initial and final water samples at
each time interval. Analysis of the oyster hemolymph showed that TiO2 NPs were not present
following a two-hour feeding exposure. Several explanations may be plausible for these results.
First an acute, two-hour feeding exposure is not sufficient time for TiO2 NPs to migrate into the
circulatory system of oysters. Second, TiO2 NPs are interfering with the process of phagocytosis
in the hemocytes thereby limiting the presence of the particles in the oyster hemolymph. Finally,
TiO2 NPs may be present in the oyster hemolymph at concentrations lower than the limits of
detection of the ICP-MS. The study should be repeated using chronic feeding exposures to
examine whether TiO2 NPs can access oyster hemolymph.
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Appendix J
X-Ray Diffraction (XRD) Spectrographs of Titanium Dioxide Particles

The following figures were part of the characterization performed on the titanium dioxide (TiO2)
particles used in this study. Bulk rutile and bulk anatase particles were used as control particles
for the TiO2 nanoparticles (NPs) as titanium particles are considered to be innocuous in the bulk
form.

Figure 16: XRD spectrograph of bulk rutile TiO2 particles. The peaks show the rutile crystalline
structure of the particles.
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Figure 17: XRD spectrograph of bulk anatase TiO2 particles. The peaks show the anatase
crystalline structure of the particles.
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Figure 18: XRD spectrograph of UV-Titan M212 NPs. The peaks show the rutile crystalline
structure of the particles.
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Figure 19: XRD spectrograph of P25 TiO2 NPs sent by the National Institute of Standards and
Technology (NIST SRM 1898). An “A” indicates the presence of the anatase crystalline phase,
whereas an “R” indicates the presence of the rutile crystalline phase.
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Figure 20: XRD spectrograph of anatase NPs originally sent by Meliorum Technologies. An
“A” indicates the presence of the anatase crystalline phase, while a “Z” indicates the presence of
zirconium, a grinding agent used in the manufacture of TiO2 NPs. Bars below the letters indicate
that the entire group of peaks belongs to that crystalline phase.
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Figure 21: XRD spectrograph of the new rutile TiO2 NPs sent by Meliorum Technologies. The
peaks show the rutile crystalline structure of the particles.
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